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I.  Introduction  and  Literature  Survey 

The  most  common  compounds  formed  from  boron  are  boron  carbide  (B4C)  and  boron 
nitride  (BN),  which  are  generally  not  considered  borides  but  which  are  included  here  since  they 
are  commercially  available  as  high-quality  powders.  Borides  are  generally  considered  as 
compounds  combining  one,  or  more,  metals  with  boron.  Strong  covalent  bonding  allows  many 
of  these  borides  to  have  high  melting  or  decomposition  temperatures,  such  that  they  can  be  used 
in  reducing  environments.  LaB6,  for  example,  is  used  as  a  replacement  for  W  in  thermoionic 
emitters,  such  as  the  fdaments  for  electron  microscopes,  due  to  its  high  melting  point  and  low 
work  function.  BN  is  used  as  a  crucible  material  in  its  hexagonal  form  and  as  a  cutting  tool  in  its 
cubic  state.  B4C  is  used  as  an  armor  material  due  to  its  low  specific  gravity.  A  comprehensive 
survey  of  borides  was  performed  by  Cutler[l]  based  primarily  on  the  earlier  data  of  Samsonov 
and  Vinitskii[2]  and  is  still  the  best  literature  source  for  the  properties  of  borides.  Other 
excellent  reviews  include  the  work  of  Lundstrom[3]  as  well  as  information  on  ternary  borides  as 
discussed  by  Nowotny  and  Rogl[4],  Williams  gives  data  on  selected  borides[5].  Borides  are 
processed  like  other  non-oxide  ceramics,  using  methods  well  known  in  the  literature[6-l  1]. 

Interest  in  boron  as  an  energetic  material  is  the  result  of  its  high  heat  of  combustion  per 
unit  volume  of  reactants  [12],  B  has  a  lower  heat  of  combustion  than  A1  or  Mg  when  compared 
on  a  volume  basis.  Hsia[12]  tested  a  number  of  Li,  Al,  and  Mg  borides  compared  to  pure  B, 
showing  that  MgBi2  and  LiB2  were  completely  oxidized  with  relatively  short  ignition  delays 
compared  to  B.  Diborides  decompose  into  elemental  metal  and  dodecaborides  during  the  heating 
process,  making  the  higher  borides  more  attractive  since  the  decomposition  process  is 
endothermic.  Aluminum  dodecaboride  (AIB12)  is  an  interesting  material  since  there  is  still  some 
confusion  over  whether  it  melts  congruently  or  incongruently  and  whether  or  not  it  undergoes  a 
polymorphic  transition  at  1550°C  (see  Figure  1).  Hsia  argued  that  compounds  that  do  not 
undergo  decomposition  reactions  are  better  choices  for  rocket  propellants  since  the  endothermic 
decomposition  reaction  is  undesired.  The  endotherm  for  AIB2  decomposition,  however,  is 
small[13],  especially  when  compared  to  the  heat  of  combustion  such  that  this  is  not  an  issue. 

Unfortunately,  the  choice  of  fuel  is  not  as  simple  as  just  looking  at  the  thermochemical 
data  available  since  impurities,  surface  coatings,  particle  shape,  degree  of  agglomeration,  other 
components  of  the  explosive  mixture,  and  degree  of  mixing  also  affect  combustion.  For 
example,  Yeh  and  Kuo  [14]  confirmed  that  combustion  of  fine  boron  particles  in  air  occurs  by 
two  stages  due  to  the  oxide  layer  found  on  the  surface  of  boron  particles.  The  first  stage 
corresponds  to  burning  of  the  boron  particle  while  it  is  still  covered  in  a  pre-existing  oxide  layer. 
Boron  diffuses  outward  much  faster  than  O2  diffuses  inward,  and  B2O3  q  and  dissolved  boron 
form  a  vitreous  polymeric  complex  [BO]n  on  the  surface  of  particle.  Through  reactions  with  O2 
and  FLO,  this  complex  is  vaporized  into  BO2  (g)  and  HOBO  (g)[14].  The  second  stage  is  the 
combustion  of  the  exposed,  ‘clean’,  boron  particle.  Removal  of  the  liquid  oxide  layer  plays  an 
important  role  in  ignition  and  combustion[14],  B2O3Q  melts  at  450°C,  but  doesn’t  boil  until 
2043°C.  Elemental  boron  melts  at  2075°C  and  sublimes  at  2550°C.  Because  boron  oxide  boils  at 
a  lower  temperature  than  boron  itself,  combustion  occurs  on  the  outside  of  the  boron  particle 
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Fig.  8801— System  Al-B.  Assessed  phase  diagram.  Fig.  8802— System  Al-B. 

Figure  1.  Comparison  of  two  phase  diagrams  for  the  Al-B  system[15].  Figure  on  left  is  from 
Carlson[16]  and  right-hand  diagram  is  from  Rogl  and  Schuster[17]. 

first.  In  contrast,  the  oxides  of  magnesium,  lithium  and  aluminum  boil  at  a  higher  temperature 
than  the  respective  metal[12].  The  B203(i)  layer  on  boron  particles,  in  contrast  to  particles  of 
aluminum,  tends  to  be  self-healing  and  almost  no  ‘clean’  boron  is  in  contact  with  the  gas  phase 
until  the  oxide  layer  is  completely  removed[18].  Without  added  metals,  boron  ignites  around 
1200-1600°C[18],  but  the  ignition  temperature  and  burning  rate  of  boron  particles  are  dependent 
on  many  factors.  Macek  and  Semple [19]  showed  that  burning  time  is  proportional  to  the  square 
of  the  particle  diameter.  Li[20]  found,  based  on  light  intensities  that  the  particle  size  change  is 
negligible  in  the  first  stage  of  combustion  and  decreases  linearly  with  time  during  the  second 
stage.  Therefore,  the  second  stage  of  combustion  controls  burning  time  of  the  particle. 

Increasing  ambient  gas  temperature  decreases  ignition  delay  times[20].  It  has  been  shown  that 
the  addition  of  water  vapor  to  the  gas  surrounding  a  boron  particle  decreases  the  burning  time 
substantially^ 3],  Crystalline  boron  is  more  difficult  to  ignite  than  amorphous  boron[13]. 
Energetic  materials,  however,  are  composed  of  fuel  and  oxidizers  with  the  metal 
component  being  a  minor  ingredient  in  many  instances[21].  If  one  were  changing  an  energetic 
formulation  by  substituting  B  for  Al,  for  example,  one  would  not  add  the  same  number  of  atoms. 
This  is  easily  understood  by  thinking  about  substituting  A1B2  or  A1Bi2  into  a  mix  since 
substituting  equal  numbers  of  boride  molecules  for  metal  atoms  makes  no  sense.  It  is  tempting 
when  making  comparisons  with  energetic  formulations  to  make  substitutions  on  a  mass  basis. 
However,  if  one  were  to  substitute  heavy  metals,  such  as  W  or  Mo  for  light  metals  like  B,  Mg, 
and  Al  it  would  be  obvious  that  this  would  not  be  the  right  approach  either.  For  energetics  with  a 
fixed  geometry,  substitutions  on  the  basis  of  volume  make  the  most  sense.  Even  this  is 
problematic,  however,  since  B  is  not  atomized  and  fine  particles  pack  very  differently  than 
atomized  Al  and  Mg  as  they  are  currently  used  in  most  energetic  formulations.  The  efficiency  of 
burning  must  also  be  considered  since  many  large  metal  powders  are  not  completely  consumed 
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in  the  reactions  which  occur.  While  the  data  presented  compare  materials  on  a  mass  or  volume 
basis,  it  must  be  remembered  that  test  results  are  much  more  important  than  predictions  and  it 
will  be  critical  to  this  program  that  test  results  can  guide  this  effort. 

A  common  area  of  concern  in  energetic  materials  is  making  the  formulation  insensitive 
yet  still  allowing  for  short  delay  times  and  high  energy  once  detonation  occurs  [22], 

Formulations  are  considered  sensitive  if  they  are  susceptible  to  electrostatic  discharge  or  are  too 
easy  to  ignite.  It  is  for  this  reason  that  fine  A1  and  Mg  powders  are  not  used  in  most 
formulations.  Fine  B  is  considered  insensitive,  but  has  a  long  delay.  Early  work  by  Hsia[12] 
showed  that  many  metal  borides  can  be  ignited  without  ignition  delays  and  that  they  ignite  at 
lower  temperatures  than  elemental  boron.  LiB2  and  MgBi2  were  able  to  be  burned  without 
ignition  delay  to  near  100  %  efficiency.  Since  these  borides  are  much  less  sensitive  then  Li  and 
Mg,  it  is  clear  that  the  direction  of  this  development  effort  is  to  determine  the  advantages  of 
using  metal  borides  as  compared  to  sensitive  metals. 

Methods  for  lowering  the  ignition  temperature  of  boron  particles  include  using  a  halogen 
containing  environment,  putting  on  a  thin  metallic  or  LiF  coating[13].  Faeth[23]  suggested  LiF 
could  be  used  as  a  coating  on  B,  likely  based  on  the  earlier  work  of  Schmotolocha  and 
Edelman[24]  who  added  Mg  and  LiF  to  boron  slurry  fuels.  The  use  of  LiF  is  based  on  the 
concept  that  it  aids  in  the  oxide  removal  as[13] 

B203(i)  +  LiF(i)  — >  LiB02(i;g)  +  BOF(g)  (1) 

Having  metals  such  as  Li  and  Mg  intimately  mixed  with  boron  may  therefore  be  advantageous 
and  eliminate  the  need  for  a  coating.  The  passivation  which  occurs  due  to  oxide  layers  on 
particles  may  be  advantageous  in  allowing  fine  particles  to  still  be  insensitive. 

Crystal  Structure 

All  crystalline  boron  is  either  rhombohedral  or  tetragonal,  with  large  numbers  of  atoms 
(12<Z  <315)  making  up  a  single  unit  cell.  The  high  melting  point  comes  as  a  result  of  the 


Figure  2.  Structure  of  tetragonal  boron  composed  of  four  icosahedra  bonded  by  boron[25]. 
Boron  has  a  high  melting  point  due  to  the  strong  covalent  bonding  between  atoms. 
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covalent  bonding  between  atoms.  One  such  structure  contains  50  B  atoms  by  connecting  four 
icosehedra  with  boron  atoms  as  shown  in  Figure  2[25].  Metal  borides  of  the  types  M2B,  MB, 
MB2,  MB4,  MB6,  and  MBi2  account  for  75  %  of  all  borides[25].  Many  of  these  are  composed  of 
the  same  type  of  icosahedra  as  shown  in  Figure  3  where  MgAlBn  has  the  same  orthorhombic 
crystal  structure  as  MgBJ2  or  A1Bi2. 

The  hexagonal  crystal  structure  of  materials  like  LiB[27,28],  MgB2,  and  A1B2  is  of 
interest  since  they  are  not  composed  of  icosahedra  but  rather  has  alternating  layers  of  boron  and 
metal  atoms  as  shown  in  Figure  4[26].  These  layered  structures  do  not  have  the  same  lubricity 
that  hexagonal  BN  has,  but  decompose  at  relatively  low  temperatures.  It  is  presently  unclear 
whether  there  is  a  preferred  crystal  structure  for  energetic  borides  since  the  layered  structures 
have  the  penalty  of  decomposition,  which  is  endothermic,  associated  with  them. 

The  largest  deterrent  to  the  use  of  boron  in  energetics  is  cost.  Boron  is  not  found  free  in 
nature  but  borates  are  extensive  with  large  deposits  of  borax  in  Turkey.  The  mineral  rasorite  is 
found  in  the  Mojave  Desert  of  California.  These  hydrated  sodium  borates  are  reduced  to  form 
boron[29].  H.  C.  Starck’s  amorphous  boron  currently  sells  for  $  165-220/kg  compared  to  $22/kg 
for  A1  (grade  H-30  from  Valimet)  or  $30/kg  for  atomized  Mg  (Hart  Metals).  Lower  cost 
materials  are  available  from  China.  The  least  expensive  non-oxide  source  of  boron  is  B4C 
powder,  which  sells  for  about  $20-40/kg.  Any  high  value  use  of  borides  will  result  in  a  similar 
price  if  the  same  volume  of  market  is  developed.  There  is  no  production  of  MgB2  or  A1B2 
powders  at  the  present  time,  which  make  such  powders  prohibitively  expensive.  This  means  that 
the  performance  of  boron-based  powders  must  be  substantially  better  than  metallic  powders  or 
non-oxide  powders. 

Lithium  Substitutions 

Lithium  borides  are  the  least  studied  of  the  borides  in  part  due  to  the  difficulty  in  making 
such  compounds  and  their  reactivity  with  water[30].  There  is  no  phase  diagram,  but  the 
literature  mentions  a  number  of  compounds  including  LiB[27,28],  Li5B4[3 1],  LiB2[12], 
Li3Bi4[32],  LiBi2.93[33],  and  Lii.8Bi4[32],  and  LiBi2[12],  It  is  also  possible  to  substitute  Li  for 
Mg  making  LiAlBi4[34,  35],  an  orthorhombic  analog  to  MgAlBi4,  making  LixMgi_xAlBi4 
compounds  a  possibility.  Synthesis  of  these  compounds  can  be  performed  at  relatively  low 
temperatures[36-37]. 

Comparative  Properties 

In  order  to  down  select  to  a  few  compounds  it  is  necessary  to  compare  properties.  Table 
1  gives  atomic  weight,  theoretical  density,  crystal  structure,  melting  temperature  and  relative  cost 
for  selected  metals,  while  Table  2  gives  the  heats  of  combustion  (molar,  mass,  or  volume  basis) 
and  heat  capacities  for  these  same  materials  based  on  data  from  Barin[38].  Boron  has  a  low  heat 
of  combustion  both  on  a  volume  and  a  weight  basis.  Silicon  should  be  a  better  fuel  than  or 
comparable  to  Mg  or  A1  when  the  same  volume  of  material  is  substituted.  The  combustion 
reactions  considered  were  sent  to  Dr.  Paul  E.  Andersen  of  ARDEC  as  a  spreadsheet. 
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Figure  3.  Unit  cell  of  MgAlBi4  showing  B  which  are  mainly  tied  up  as  four  B\2  icosahedra  with 
boron  atoms  connecting  them.  A1  (large  white  atoms)  and  Mg  (smaller  blue-green  atoms) 
occupy  specific  sites  in  this  orthorhombic  structure[25]. 


Figure  4.  Hexagonal  structure  of  MgB2,  which  consists  of  a  hexagonal  close  packed 
arrangement  of  B  and  Mg  alternating  layers  with  a  P6/mmm  space  group  [26], 
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Table  1 

Physical  Properties  and  Cost  of  Selected  Metals 

Theoretical  Melting 

At.  Wt.  Density  Crystal  Temperature  Relative 


Metal 

(g/mol) 

(g/cc) 

Structure 

(°C) 

Cost 

A1 

26.98 

2.70 

Cubic 

660 

Low 

B 

10.81 

2.34 

Rhombohedral 

2077 

High 

Co 

58.93 

8.90 

Hexagonal 

1768 

Medium 

Fe 

55.85 

7.87 

Cubic 

1495 

Low 

Li 

6.94 

0.53 

Cubic 

181 

Medium 

Mg 

24.31 

1.74 

Hexagonal 

649 

Low 

Ni 

58.69 

8.90 

Cubic 

1455 

Medium 

Si 

28.09 

2.42 

Cubic 

1412 

Low 

Ti 

47.87 

4.54 

Hexagonal 

1666 

Medium 

Zr 

91.24 

6.51 

Hexagonal 

1852 

High 

In  order  to  do  this  same  thing  for  boron-containing  compounds,  it  was  necessary  to 
review  a  substantial  body  of  literature[l-l  10].  Table  3  gives  the  corresponding  data  for  borides 
that  Table  1  gives  for  metals.  Likewise,  Table  4  is  the  analog  to  Table  3  with  the  exception  that 
the  heats  of  formation  for  the  compounds  are  also  given  in  this  table.  Unfortunately,  reliable 
thermochemical  data  are  not  available  for  all  of  the  compounds  listed  in  Table  3.  These  data, 
however,  allow  one  to  compare  the  metals  with  the  non-metals.  In  accord  with  the  early  work  of 
Hsia[12]  these  comparisons  (see  Figure  5)  suggest  that  metal  borides  are  competitive  with  the 
metal  powders  relative  to  their  heats  of  combustion.  B  and  AIB12,  for  example,  both  lie  near  the 
bottom  of  both  charts,  which  is  desirable  since  a  low  heat  of  combustion  is  preferred. 


Table  2 

Thermochemical  Properties  of  Selected  Metals  at  1000  K 


Metal 

AHC 

(kJ/mol) 

AHC 

(kJ/g) 

AHC 

(kJ/cc) 

cP 

(J/mol  K) 

A1 

-  847.0 

-31.4 

-  84.7 

31.8 

B 

-  618.5 

-57.2 

-135.5 

25.0 

Co 

-  902.3 

-15.3 

-136.3 

36.9 

Fe 

-  403.3 

-  7.2 

-  56.9 

54.4 

Li 

-  302.2 

-43.5 

-  23.2 

28.9 

Mg 

-  608.9 

-25.1 

-  43.6 

32.6 

Ni 

-  235.0 

-  4.0 

-  35.6 

33.0 

Si 

-  905.1 

-32.2 

-  75.1 

26.3 

Ti 

-  750.0 

-15.7 

-  71.1 

32.5 

Zr 

-1091.0 

-12.0 

-  77.9 

31.1 
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Table  3 

Physical  Properties  and  Cost  of  Selected  Compounds 


Molecular  Theoretical  Decomposition/Melting 


Compound 

Weight 

(g/mol) 

Density 

(g/cc) 

Crystal 

Structure 

Temperature 

(°C) 

Relative 

Cost 

A1B2 

48.6 

3.17 

Hexagonal 

1400 

High 

aib10 

135.1 

2.54 

Orthorhombic 

1850 

High 

aib12 

156.7 

2.58 

Tetragonal 

2150 

High 

b4c 

55.3 

2.52 

Rhombohedral 

2470 

Low 

h-BN 

24.8 

2.26 

Hexagonal 

1927 

Medium 

CoB 

69.7 

6.77 

Orthorhomcic 

1460 

High 

Co2B 

128.7 

8.06 

Tetragonal 

1280 

High 

Co3B 

187.6 

8.17 

Orthorhombic 

>1200 

High 

LiAlBi4 

185.3 

2.50 

Orthorhombic 

— 

High 

MgB2 

45.9 

2.63 

Hexagonal 

1545 

High 

MgB4 

67.5 

2.8 

Orthorhombic 

1735 

High 

MgB6 

89.2 

2.8 

Tetragonal 

— 

High 

MgBy 

100.0 

2.7 

Orthorhombic 

2150 

High 

MgBi2 

154.0 

2.7 

Orthorhombic 

2071 

High 

Mg.5Al.5B2 

47.3 

2.9 

Hexagonal 

— 

High 

MgAlBi4 

190.5 

2.75 

Orthorhombic 

— 

High 

NiB 

69.5 

7.2 

Orthorhombic 

1308 

High 

Ni2B 

80.3 

8.05 

Tetragonal 

1398 

High 

Ni3B 

91.1 

8.1 

— 

1429 

High 

Ni4B3 

267.2 

7.58 

Orthorhombic 

1853 

High 

SiB3 

60.5 

— 

— 

— 

High 

SiB4 

71.3 

2.42 

Rhombohedral 

— 

High 

SiB6 

93.0 

2.17 

Cubic 

— 

High 

TiB 

58.7 

4.56 

Orthorhombic 

2190 

High 

TiB2 

69.5 

4.52 

Hexagonal 

3225 

Medium 

Ti3B4 

186.8 

4.56 

Orthorhombic 

— 

High 

T^Bs 

149.8 

4.63 

Hexagonal 

— 

High 

ZrB 

102.0 

6.48 

Cubic 

2800 

High 

ZrB2 

112.8 

6.10 

Hexagonal 

3245 

Medium 

ZrB  I? 

221.0 

3.63 

Cubic 

2250 

High 

As  long  as  sensitivity  is  not  an  issue,  one  would  also  like  the  melting  temperature  to  be 
low  since  this  should  aid  in  ignition.  When  a  compound  decomposes,  this  will  only  speed  up 
diffusion  if  it  decomposes  into  at  least  one  molten  component.  For  example,  when  MgB2 
decomposes,  it  forms  Mg  and  MgB4,  but  when  MgB4  decomposes,  it  only  forms  two  solid  forms 
(see  Figure  6).  In  the  case  of  MgB4  decomposition,  the  endotherm  only  penalizes  the  material, 
whereas,  MgB2  decomposition  allows  a  way  for  the  reaction  to  initiate. 
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Table  4 

Thermochemical  Properties  of  Selected  Compounds  at  1000K 


Compound 

AHf°  1000  k 
(kJ/mol) 

AHcJOOOK 

(kJ/mol) 

AHC;ioook 

(kJ/e) 

O 

O 

2  'o' 

<  ^ 

Cp,  1000K 

(J/mol  K) 

A1B2 

-165.2 

-1919 

-39.5 

-125.1 

78.2 

aib12 

-289.0 

-7980 

-50.9 

-131.4 

317.8 

b4c 

-  73.1 

-2796 

-50.6 

-127.5 

114.3 

h-BN 

-254.8 

-  529 

-21.3 

-  48.2 

44.4 

CoB 

-  96.2 

-1425 

-20.4 

-138.3 

56.5 

Co2B 

-128.7 

-2295 

-17.8 

-143.7 

89.3 

MgB2 

-106.6 

-1739 

-37.9 

-  99.6 

71.7 

MgB4 

-126.6 

-2958 

-43.8 

-122.6 

115.7 

Mg.5Al.5B2 

-135.9 

-1829 

-38.7 

-112.2 

— 

MgAlBi4 

-395.6 

-5390 

-28.3 

— 

— 

TiB 

-162.0 

-1207 

-20.6 

-  93.8 

51.9 

TiB2 

-326.7 

-1660 

-23.9 

-108.0 

77.1 

ZrB? 

-325.4 

-2003 

-17.7 

-108.3 

72.0 

One  interesting  observation  is  that  boron  carbide,  a  commercially  available  material,  is 
similar  in  position  to  AIB12,  yet  boron  carbide  is  much  less  expensive.  While  there  is  no  need  to 
synthesize  boron  carbide,  it  is  clear  that  this  material  should  be  included  as  a  control,  along  with 
Al,  Mg,  and  B.  Similarly,  Co  is  readily  available  due  to  its  use  in  cemented  carbides  and  should 
also  be  included  in  comparative  testing. 

Selection  of  Four  Borides  for  Initial  Testing 

It  is  recommended  that  the  four  borides  provided  for  initial  testing  be  MgAlBi4, 
Mgo.5Alo.5B2,  AIB12,  and  AIB2-AI.  In  addition  to  testing  these  in  comparison  to  Al,  Mg,  B,  and 
Co,  as  mentioned  above,  they  should  also  be  compared  to  the  respective  chemistries  of  the 
elements  in  each  of  the  four  borides  on  a  volume  basis.  MgAlBi4  and  Mgo.5Alo.5B2  represent 
icosohedrally-bonded  orthorhombic  and  layered  hexagonal  structures,  respectively.  They  both 
contain  the  same  three  elements,  but  one  undergoes  a  low-temperature  decomposition 
(Mgo.5Alo.5B2)  and  the  other  one  is  believed  to  melt  congruently.  The  Mgo.5Alo.5B2  compound  is 
a  solid  solution  of  MgB2  and  AIB2  and  should  represent  these  two  compounds.  One  would 
expect  it  to  appear  in  between  the  magnesium  and  aluminum  diborides  in  Figure  5.  AIB12  is 
included  since  it  allows  a  good  comparison  with  the  MgAlB|4  and  also  connects  back  to  the  early 
work  of  Hsia[12],  Finally,  it  is  believed  that  having  free  Al  metal  may  be  advantageous  for  the 
diborides  since  melting  of  the  Al  may  help  with  the  combustion  reaction  prior  to  decomposition. 
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Figure  5.  Heats  of  combustion  on  a  (a)  mass  or  (b)  volume  basis  for  selected  metals  and  boron- 
containing  compounds  as  a  function  of  their  melting  or  decomposition  temperature. 
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Figure  6.  Mg-B  phase  diagram  showing  MgB2,  MgB4,  and  MgB7[39], 


The  reason  for  not  including  LiAlBi4,  for  example,  is  that  it  is  unknown  at  the  present  time  if 
ignition  delay  is  an  issue.  If  it  is,  then  incorporation  of  lithium  can  be  pursued.  If  not,  there  is  no 
need  to  add  a  metal  that  is  known  to  have  sensitivity  issues. 

An  important  issue  is  that  ARDEC  establish  a  fast  way  to  evaluate  samples  supplied  by 
Ceramatec  and  that  a  methodology  for  screening  be  established.  Ceramatec  can  likely  supply 
more  candidate  materials  if  there  is  a  way  to  get  fast  feedback  from  the  Army.  It  is  necessary  in 
this  first  stage  to  determine  if  metal  borides  are  advantageous  over  boron  carbide.  It  is  also 
possible  that  boron  carbide-metal  (or  metal  boride)  fuel  mixtures  can  be  explored. 

II.  Characterization  of  Initial  Borides  Delivered  to  ARDEC 

Four  materials  were  selected  from  the  prospective  materials  investigated  in  the  literature 
survey.  These  four  materials  were  prepared  in  two  particle  sizes  and  were  shipped  to  ARDEC  on 
October  5,  2010,  along  with  their  constituent  raw  powders  and  starting  mixes.  Characterization 
data  included  composition,  crystal  structure,  particle  size,  particle  surface  area,  particle 
morphology  and  oxidation  characteristics  by  thermal  gravimetric  analysis  and  differential 
thermal  analysis.  The  four  materials  selected  in  conjunction  with  Dr.  Paul  Anderson  of  ARDEC 
were  A1B2,  MgB2,  Alo.5Mgo.5B2  and  AlMgBi4.  Each  of  these  materials  was  milled  and  screened 
to  produce  two  particle  sizes,  labeled  -230  mesh  and  -325  mesh. 

X-ray  diffraction  of  A1B2  (Figure  7)  shows  that  the  powder  sent  to  ARDEC  contained 
two  major  phases,  A1B2  and  excess  aluminum.  Note  that  Ceramatec  has  been  able  to  make  A1B2 
powder  with  varying  amounts  of  free  aluminum.  It  is  thought  that  this  free  aluminum  aids  the 
oxidation  of  A1B2  by  initiating  a  liquid  phase  at  a  temperature  (660°C)  lower  than  the 
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Figure  7.  X-ray  diffraction  of  AIB2.  The  sample  delivered  to  ARDEC  contains  approximately  10 
wt  %  free  Al.  Red  lines  mark  A1B2,  blue  lines  Al,  and  green  lines  AI2O3. 


Figure  8.  X-ray  diffraction  pattern  for  MgB2,  which  has  the  same  crystal  structure  as  A1B2.  Red 
lines  mark  MgB2  while  blue  lines  mark  MgO. 


15 


decomposition  temperature  of  A1B2  (980°C).  It  has  been  suggested  that  the  oxidation  of  boron 
and  metal  borides  is  kinetically  limited  by  the  formation  of  a  viscous  B2O3  layer  on  the  surface 
of  boron  or  boride  particles  [12,14,18]  which  may  be  reduced  by  the  presence  of  liquid 
aluminum.  MgB2  has  a  similar  XRD  pattern  (see  Figure  8),  with  peak  locations  shifted  slightly 
due  to  small  differences  in  lattice  parameters  from  A1B2.  There  is  no  free  Mg  detected  in  this 
pattern  and  very  little  MgO.  Rietveld  fitting  estimates  that  MgO  is  about  6  wt.  %.  Mgo.5Alo.5B2 
has  the  same  hexagonal  structure  as  A1B2  and  MgB2.  Figure  9  shows  this  XRD  pattern,  which 
fits  in  between  the  A1B2  and  MgB2  patterns  since  all  three  materials  are  isostructural.  The 
Mgo.5Alo.5B2  powder  supplied  had  a  small  amount  of  free  aluminum. 

The  only  non-hexagonal  boride  supplied  was  MgAlB^.  The  large  number  of  peaks  in 
Figure  10  is  a  result  of  the  orthorhombic  crystal  structure,  which  is  comprised  of  B12  icosahedra 
with  metal  atoms  bonded  between  the  icosahedra.  In  addition  to  MgAlBi4,  secondary  phases 
included  MgAl204  free  Al.  Rietveld  fitting  gave  these  amounts  as  4%  and  2%,  respectively. 

Particle  size  and  surface  area  measurements  were  preformed  on  each  powder  and  the 
results  are  summarized  in  Table  5.  Samples  were  measured  by  laser  light  scattering  using  a 
Coulter  LS230  particle  analyzer  and  were  dispersed  in  2-propanol  using  0.25  wt.  %  of  a 
commercial  phosphate  ester  (RE-610)  made  by  Rhodia  (Cranbury,  NJ)  and  calculated  using 
Fraunhofer  optical  diffraction[l  11],  Despite  using  the  dispersant  in  combination  with  ultrasonic 
energy  the  laser  light  measures  agglomerate  size  if  particles  adhere.  The  particle  size 
distributions  are  shown  in  the  appendix. 

Surface  area  measurements  are  a  more  reliable  indicator  of  the  ultimate  particle  size  since 
they  are  not  influenced  by  the  choice  of  dispersant,  the  dispersing  medium,  or  the  operator 
technique.  Multipoint  BET  measurement  is  insensitive  to  operator  error.  A  calculation  of 
particle  size  was  made  based  on  the  surface  area  of  the  particles  using  the  equation 

d  =  —  (2) 

p-SA  v  ’ 

where  d  is  the  particle  diameter,  p  is  the  density  of  the  material  in  g/cc  and  SA  is  the  surface  area 
in  m  /g.  Equation  (2)  assumes  that  all  particles  are  spherical  and  monosized,  which  is  a  poor 
assumption.  However,  it  is  a  better  estimate  of  the  particle  size  than  the  laser  light  scattering, 
which  measures  agglomerates  instead  of  ultimate  particles.  Based  on  the  SEM  images  of  the 
reacted  powders,  Equation  (2)  seems  to  be  a  more  accurate  approximation  of  the  true  particle 
size.  This  would  suggest  that  there  are  only  slight  differences  in  average  particle  size  between 
the  -230  and  -325  mesh  and  that  all  of  the  powders  are  less  than  10  pm  in  diameter. 

Particle  size  and  surface  area  data  (see  Table  5)  show  that  the  boron  starting  powder  is 
submicron  in  size.  Consequently,  powder  mixes  with  the  boron  powder  were  also  very  fine  (see 
Figure  1 1).  Milling  primarily  mixed  powders  without  changing  particle  size.  The  powder  mixes 
provided  are  therefore  a  distribution  of  metal  powders  in  a  boron  matrix,  as  shown  in  Figure  1 1 . 
The  Al  and  MgAl  powders  are  made  by  atomization  and  are  spherical  in  nature,  whereas  the  Mg 
is  flake-like  in  its  features,  allowing  these  particles  to  be  readily  distinguished  from  the  B. 

SEM  images  show  that  the  average  particle  size  is  <  10  pm  for  all  reacted  powders  (see 
Figure  12).  The  images  also  show  that  these  small  particles  tend  to  form  large  agglomerates, 
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Figure  9.  X-ray  diffraction  patterns  of  Alo.5Mgo.5B2  (black),  AIB2  (blue),  and  MgB2  (red).  These 
materials  are  isostructural,  with  only  slight  differences  in  atom  spacing. 
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Figure  10.  X-ray  diffraction  pattern  of  MgAlBi4.  This  material  contains  some  MgAl204  and  free 
Al. 
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Table  5 

Boride  Powder  Characteristics 


Material 

B 

A1 

Mg 

Mg-Al 

A1  +  2B 

A1B2  -230 

A1B2  -325 

Mg  +  2B 

MgB2  -230 

MgB2  -325 

'/2  MgAl  +  2B 

Mgo.5Alo.5B2  -230 

Mgo.5Alo.5B2  -325 

Mg  +  A1  +  14B 

Mgo.78Alo.75B  14  -230 

Mgo.7sAlo.75Bi4  -325 

*Based  on  Equation  (2). 


rface  Area 

(m2/g) 

dip 

10.88 

0.1 

1.39 

0.2 

0.82 

11.9 

0.40 

2.0 

6.23 

0.2 

1.64 

0.5 

2.10 

0.4 

6.73 

0.3 

4.78 

0.7 

5.55 

0.5 

5.85 

0.1 

2.30 

0.9 

3.15 

0.5 

7.75 

0.1 

0.55 

4.8 

1.29 

0.4 

Particle  Size  (pm) 


dso 

d90 

0.2 

3.2 

2.9 

7.8 

38.2 

66.5 

10.0 

25.9 

2.3 

6.5 

8.4 

28.8 

5.4 

21.9 

8.6 

65.4 

9.2 

46.0 

1.6 

2.9 

1.6 

5.1 

7.3 

27.5 

1.6 

2.9 

1.3 

4.4 

14.7 

28.2 

7.5 

17.1 

Calculated* 
Mean  Average  turn) 


1.2 

0.2 

3.4 

1.6 

38.6 

3.9 

12.4 

6.8 

2.8 

0.4 

11.9 

1.2 

8.7 

0.9 

24.0 

0.4 

17.4 

0.5 

1.6 

0.4 

2.0 

0.4 

11.4 

0.9 

1.6 

0.7 

1.8 

0.3 

16.0 

4.1 

8.4 

1.8 

over  100  jam  in  size.  Coupled  with  the  particle  size  histograms  (see  Appendix  A),  this  would 
suggest  that  screening  the  reacted  powders  through  a  mesh  screen  with  an  opening  size  of  63  pm 
(230  mesh)  or  44  pm  (325  mesh)  is  separating  agglomerates  of  different  sizes  but  the  average 
particle  size  in  each  distribution  is  relatively  close.  The  ultimate  particle  size  of  the  diboride 
powders  is  smaller  than  MgAlBn  due  to  a  lower  processing  temperature  and  therefore,  less 
particle  growth. 

Particle  morphology  is  similar  for  the  three  diborides.  A  range  of  particle  sizes  and 
aspect  ratios  can  be  observed.  The  MgAlBi4  is  more  homogeneous  in  size,  with  more  spherical 
particles  and  aspect  ratios  approaching  unity.  In  all  powders  it  is  obvious  that  the  metal  powders 
have  melted  and  wetted  the  boride  particles  to  some  extent.  The  powders  provided  are  different 
from  metal  fuels,  such  as  Al,  in  that  the  agglomerates  are  porous.  For  this  reason  is  it  is  very 
important  to  compare  metal  non-porous  fuels,  such  as  Al  and  MgAl  to  the  agglomerated  fuels, 
which  include  B,  Mg,  and  the  synthesized  borides.  One  way  to  do  this  is  to  look  at  oxidation 
without  an  intimate  mixture  of  a  polymeric  fuel,  as  occurs  in  an  energetic  device.  This  limits 
volatility  and  allows  one  to  see  how  the  particles  react  with  oxygen  in  air.  This  was  performed 
using  a  Netzsch  (Burlington,  MA)  model  STA  409  with  simultaneous  DTA. 

Table  6  gives  oxidation  characteristics  of  energetic  powders  after  heating  in  flowing  air 
(=50  cc/minute)  at  10°C/minute  to  1500°C,  holding  for  10  minutes,  and  cooling  at  the  same  rate. 
Note  that  from  Table  5  the  surface  area  of  the  powders  is  not  constant  and  therefore  these  data 
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Figure  11.  SEM  images  of  starting  powders.  Top  to  bottom:  AIB2,  MgB2,  Alo.5Mgo.5B2,  and 
AlMgBi4.  Markers  are  10  pm  with  secondary  images  on  left  and  backscattered  images  on  right. 
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Figure  12.  SEM  images  of  reacted  powders.  Top  to  bottom:  AIB2,  MgB2,  Alo.5Mgo.5B2,  and 
AlMgBi4.  Markers  are  10  pm  with  secondary  images  on  left  and  backscattered  images  on  right. 
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Table  6 

Boride  Powder  Oxidation  Characteristics 


%  Actual 

%  Theoretical 

%of 

Initiation 

Oxidation 

Material 

L_Q 

Mass  Change 

Mass  Change 

Theoretical 

Tempt  Cl* 

Range** 

B 

152 

222 

69 

548 

905 

Al 

89 

89 

100 

583 

804 

Mg 

51 

66 

77 

534 

292 

Mg-Al 

78 

77 

102 

527 

520 

A1  +  2B 

141 

149 

95 

577 

473 

A1B2  -230 

145 

149 

98 

755 

505 

A1B2  -325 

140 

148 

95 

746 

509 

Mg  +  2B 

126 

139 

91 

597 

480 

MgB2  -230 

126 

139 

90 

673 

705 

MgB2  -325 

118 

139 

85 

679 

628 

V2  MgAl  +  2B 

122 

146 

83 

596 

765 

Mgo.5Alo.5B2  -230 

126 

146 

86 

753 

726 

Mgo.5Alo.5B2  -325 

119 

146 

82 

723 

748 

Mg  +  Al  +  14B 

141 

186 

76 

573 

927 

MgAlBn  -230 

135 

186 

73 

890 

608 

MeAlBu  -325 

109 

186 

59 

740 

760 

*  Initiation  temperature  is  reported  as  the  temperature  at  5%  mass  gain. 

**  Temperature  range  in  which  material  goes  from  5%  to  90%  mass  gain. 


should  be  discussed  in  light  of  their  ultimate  particle  sizes.  It  must  be  stated  at  the  onset  that 
these  data  may  have  no  correlation  with  what  happens  in  an  explosive  device. 

A  number  of  observations  can  be  drawn  from  the  data  in  Table  6.  Boron,  because  of  its 
low  initial  mass,  has  the  highest  weight  change  of  any  material.  For  the  purposes  of  calculations 
it  is  assumed  that  weight  change  can  be  ascribed  solely  to  oxidation,  in  which  case  more  weight 
change  translates  to  more  heat  released  (per  unit  mass).  Therefore,  these  data  reaffirm  the 
thermodynamic  calculations  presented  previously  (see  Figure  5)  in  which  boron  was  the  best 
material  in  terms  of  AHC  per  gram.  This  is  expected  from  a  gravimetric  measurement  like  TGA. 
Following  this  trend,  MgAlBn  should  have  a  AHC  per  gram  intermediate  to  B  and  AIB2,  in  the 
range  of  -40  to  -50  kJ/g.  With  a  density  of  2.58  g/cc,  that  gives  a  AHC  per  cc  of -103  to  -129 
kJ/cc,  putting  it  in  the  top  5  candidates  based  on  volume.  It  should  be  noted  that  the  materials  for 
which  thermodynamic  data  was  found  (B,  Al,  Mg,  AIB2  and  MgB2)  followed  the  predicted  trend 
of  AHC  per  gram. 

Although  boron  looks  promising  in  terms  of  actual  weight  gain  (see  Figure  13(a)),  its 
weight  gain  as  a  percent  of  theoretical  is  the  lowest  of  all  materials  tested.  This  can  likely  be 
attributed  to  the  amount  of  oxide  on  the  surface  of  the  fine  boron  particles  initially,  which,  as 
previously  discussed,  inhibit  further  oxidation  at  the  boron  particle  surface  as  temperatures 
increase  and  the  oxide  layer  becomes  viscous.  However,  when  aluminum  is  added  to  boron  (in 
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(a) 

Al  +  2B 


T  (°C) 


(b) 

Figure  13.  TGA  (blue)  and  DTA  (red)  for  (a)  boron  and  (b)  Al  +  2B  powders.  The  loop  at  the 
top  of  the  TGA  curve  is  attributed  to  the  competing  processes  of  weight  gain  due  to  oxidation 
and  weight  loss  due  to  vaporization  of  boron  oxide.  The  addition  of  Al  allows  the  attainment  of 
nearly  complete  oxidation  by  1500°C  for  the  A1-2B  mixture. 
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the  case  of  A1  +  2B),  the  percent  of  theoretical  weight  gain  increases  from  78%  for  pure  boron  to 
95%  for  the  mixed  system.  If  boron  and  aluminum  were  oxidizing  independently,  a  weight  gain 
of  77%  would  be  expected.  Therefore,  aluminum  is  acting  as  an  aid  to  oxidation  for  the  boron 
particles  (see  Figure  13(b)).  Magnesium  has  a  similar  effect  on  boron,  increasing  the  percent  of 
theoretical  weight  gain  to  91%,  compared  to  71%  for  independent  oxidation  of  magnesium  and 
boron.  The  benefits  for  magnesium  could  likely  be  increased  if  a  powder  with  less  surface  oxide 
or  higher  surface  area  were  used.  When  magnesium  and  aluminum  are  both  mixed  with  boron  in 
the  case  of  MgAl  +  2B  the  weight  gain  reaches  83%  of  theoretical,  compared  to  78%  for 
independent  oxidation.  In  the  case  of  MgAlBi4,  it  reaches  76%  compared  to  71%  for  independent 
oxidation. 

This  demonstrates  that  aluminum  is  in  fact  aiding  in  the  removal  of  the  boron  oxide  layer 
from  the  surface  of  boron  particles.  Magnesium  has  a  similar  effect,  suggesting  that  a  liquid  that 
can  wet  the  boron  particle  surface  will  increase  the  rate  of  boron  oxidation.  It  is  unclear  if  this  is 
due  to  dilution  or  removal  of  the  liquid  oxide  layer,  colligative  effects  that  reduce  the 
vaporization  temperature  of  the  oxide,  or  other  effects.  It  is  interesting  to  note,  however,  that  a 
combination  of  aluminum  and  magnesium  is  not  as  effective  in  aiding  in  boron  oxidation.  This 
may  be  the  result  of  the  formation  of  a  spinel,  MgAl204,  early  in  the  oxidation  process.  If  this  is 
the  case,  it  is  surprising,  since  the  spinel  would  likely  remove  the  B2O3  and  would  be  expected  to 
allow  the  remaining  AlMg  alloy  to  readily  react.  It  might  be  argued  that  the  larger  particle  size 
of  the  MgAlBi4  material  slows  the  reaction,  but  the  data  suggest  just  the  opposite.  Larger 
particles  of  the  same  composition  show  earlier  initiation  (see  Figure  14),  but  do  not  oxidize  to 
the  same  extent.  This  is  tied  to  the  higher  amount  of  oxygen  in  the  starting  powder.  It  would  be 
worthwhile  for  ARDEC  to  measure  the  oxygen  content  of  all  of  the  powders.  As  Table  6  shows, 
the  -325  mesh  materials  gained  less  weight  than  the  -230  mesh  materials.  This  trend  holds  true 
for  all  four  materials.  As  mentioned  previously,  the  surface  area  of  the  -325  mesh  powder  was 
slightly  higher  than  that  of  the  -230  mesh,  which  makes  oxidation  on  the  surface  of  these 
particles  a  likely  explanation.  Some  additional  oxidation  on  the  surface  of  the  reacted  materials 
apparently  occurred  during  the  preparation  of  the  finer  size  fraction.  As  the  surface  effects  may 
change  with  differing  energetic  mixtures,  multiple  particle  sizes  should  be  tested.  The  first  tests, 
however,  should  involve  the  -230  mesh  and  not  the  -325  mesh  particles. 

AIB2  oxidizes  to  nearly  the  same  percent  weight  gain  as  A1  +  2B  but  it  initiates  at  a 
higher  temperature  (see  Figure  14  and  Table  6).  A  higher  initiation  temperature  will  have 
implications  for  sensitivity,  making  the  reacted  compounds  less  sensitive  than  the  powder  mixes, 
as  expected.  The  increase  in  initiation  temperature  for  reacted  compounds  is  seen  most 
prominently  for  MgAlBi4  (see  Figure  14(g)). 

However,  there  may  be  an  added  benefit  to  forming  a  diboride  compound  over  a  physical 
mixture  of  boron  and  aluminum.  Bonding  in  boron  (both  amorphous  and  crystalline)  is  through 
B12  icosahedra[25],  in  which  each  boron  atom  is  participating  in  five  covalent  bonds,  sharing  its 
five  electrons  with  five  other  boron  atoms.  Boron  bonding  in  A1B2  (as  well  as  MgB2  and 
Mgo.5Alo.5B2)  is  trigonal  planar,  with  boron  atoms  forming  a  graphite-like  sheet  in  between  metal 
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(a) 


Figure  14.  TGA  and  DTA  patterns  for  selected  samples.  Comparison  of  A1  +  2B  to  A1B2  for  (a) 
TGA  and  (b)  DTA.  A1B2  achieves  a  similar  weight  change  to  A1  +  2B,  but  it  initiates  at  higher 
temperatures  due  to  its  much  coarser  particle  size  (see  Figures  A5  and  A6). 
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Figure  14  (continued).  AIB2  compared  at  two  particle  sizes  for  (c)  TGA  and  (d)  DTA.  Note 
that  there  is  little  difference  in  performance  since  differences  in  particle  size  distributions  are 
minor  (see  Figures  A6  and  A7). 
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MgAlB14  vs.  Mg  +  Al  +  14B 
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Figure  14  (continued).  Comparison  of  Mg  +  A1  +  14B  to  MgAlBi4  for  (e)  TGA  and  (f)  DTA. 
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Figure  14  (continued).  MgAlBi4  compared  at  two  particle  sizes  for  (g)  TGA  and  (h)  DTA. 

Note  that  there  is  a  large  difference  in  performance  since  differences  in  particle  size  distributions 
(see  Figures  A15  and  A16)  and  surface  areas  (see  Table  5)  are  significant. 
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atom  sheets.  In  this  case  each  boron  atom  is  participating  in  three  covalent  bonds  with  three 
neighboring  boron  atoms  and  van  der  Waals  forces  between  the  sheets  maintaining  interplanar 
separation.  The  oxidation  state  of  this  hexagonal  boron  is  the  same  as  that  in  boron  oxide,  in 
which  3-coordinate  boron  is  bound  to  2-coordinate  oxygen  in  a  planar  fashion.  It  is  possible  that 
this  bonding  may  result  in  faster  reaction  kinetics  once  oxidation  has  initiated.  The  DTA  graphs 
of  A1  +  2B  and  AIB2  may  suggest  this,  although  DSC  measurements  would  make  the  position 
and  extent  of  the  exotherms  more  obvious  than  the  DTA  data,  which  were  collected  with  a 
system  that  allowed  a  limited  number  of  data  points  to  be  collected  thereby  obscuring  some  of 
the  thermodynamic  transitions. 

Figure  15  compares  all  four  reacted  materials  on  the  same  plot  as  well  as  gives  a 
corresponding  plot  for  the  unreacted  powders.  For  the  four  reacted  materials,  AIB2  is  clearly  the 
best  material  since  it  maintains  its  rate  of  oxidation  at  higher  temperatures.  The  A1  +  2B  mixture 
shows  this  same  characteristic,  which  suggests  that  this  has  nothing  to  do  with  the  hexagonal 
bonding  and  is  related  to  the  way  A1  reacts  with  B  or  B2O3.  No  AI-B2O3  phase  diagram  was 
found,  but  it  is  surprising  that  the  reaction  initiates  at  temperatures  far  below  the  melting  point  of 
Al,  where  diffusion  would  be  increased.  More  surprising,  in  light  of  the  many  reports  of  delayed 
reaction  for  boron,  was  the  low-temperature  and  fast  reaction  of  B.  The  change  in  reaction  rate 
does  not  correspond  to  the  melting  point  of  B2O3.  Furthermore,  the  present  results  clearly  show 
that  the  enhancement  with  Al  is  not  dependent  on  volatilization,  as  has  been  postulated[l  12,1 13], 
It  is  clear  that  the  thermodynamic  driving  force  for  oxidation  is  delayed  until  the  kinetics  allow 
oxidation  to  proceed,  which  at  this  rate  of  heating  is  about  500°C.  The  reaction  to  form  borides 
increases  the  initiation  of  the  reaction,  suggesting  that  particle  size  and  free  metal  content 
enhance  the  kinetics. 

If  these  results  turn  out  to  have  some  predictive  ability  for  explosives,  it  would  suggest 
that  the  MgAlBn  offers  no  advantage  over  AIB2  other  than  sensitivity,  if  it  is  indeed  an  issue.  It 
is  very  possible  that  the  dilution  of  Al  with  B  is  all  that  is  needed  to  make  the  materials  less 
sensitive  such  that  mixtures  can  be  used  instead  of  borides.  The  Al  +  2B  mixture  should  be 
compared  to  the  AIB2  relative  to  sensitivity. 

The  largest  deterrent  to  the  use  of  boron  in  energetics  is  cost.  Boron  is  not  found  free  in 
nature  but  borates  are  extensive  with  large  deposits  of  borax  in  Turkey.  The  mineral  rasorite  is 
found  in  the  Mojave  Desert  of  California.  These  hydrated  sodium  borates  are  reduced  to  form 
boron.  SB  Boron  (Bellwood,  IL)  is  the  largest  U.S.  Supplier  of  boron,  with  costs  ranging  from 
$1 10/kg  for  their  lowest  purity  (grade  86)  and  $  139/kg  for  their  most  popular  material  for 
military  use  (grade  90)  to  $266/kg  for  their  high  purity  (grade  95)  boron.  These  costs  are  for 
quantities  exceeding  225  kilograms.  Surprisingly,  the  German  supplier  H.  C.  Starck  is 
competitive  in  price  and  offers  a  higher  quality  product.  H.  C.  Starck’s  amorphous  boron 
currently  sells  for  $  165-220/kg  compared  to  $22/kg  for  Al  (grade  H-30  from  Valimet)  or  $30/kg 
for  atomized  Mg  (Hart  Metals).  Lower  cost  materials  are  available  out  of  China.  The  least 
expensive  non-oxide  source  of  boron  is  B4C  powder,  which  sells  for  about  $20-40/kg.  Any  high 
value  use  of  high-temperature  borides  will  result  in  a  similar  price  if  the  same  volume  of  market 
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(a) 


20%  02,  80%  N2  150  cc/min 


(b) 


Figure  15.  TGA  data  for  (a)  reacted  compounds  and  (b)  unreacted  elements  and  mixtures.  Note 
that  the  rate  of  oxidation  begins  to  slow  for  all  materials  except  A1B2. 
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is  developed.  There  is  no  production  of  MgB2  or  A1B2  powders  at  the  present  time,  which  make 
such  powders  prohibitively  expensive.  This  means  that  the  performance  of  boron-based  powders 
must  be  substantially  better  than  metallic  powders  or  non-oxide  powders. 

The  cost  to  make  A1  +  2B  as  a  mixture  would  be  in  the  range  of  $100- 150/kg  in  large 
quantities  as  an  intimately  mixed  material.  The  cost  to  make  the  boride,  however,  would  likely 
be  in  the  $200-250/kg  range  for  similar  quantities.  Costs  for  small  quantities  can  be  much 
higher.  This  drives  one  towards  looking  at  less  expensive  materials.  It  is  recommended  that 
B4C,  B4C  +  2A1,  Si,  Si  +  6B,  SiB6,  A1  +  12B,  and  A1Bi2  be  made  for  evaluation. 

Conclusions 

Characterization  of  the  four  powders  delivered  to  ARDEC,  along  with  their  starting 
mixes  and  raw  starting  materials  included  XRD,  particle  size  and  surface  area,  SEM  images, 
TGA  and  DTA.  These  data  provide  a  better  understanding  of  the  material  systems  involved  in 
these  energetic  powders.  While  the  relative  energetic  capabilities  of  these  materials  can  only  be 
determined  through  calorimetry  and  in  situ  testing,  a  combination  of  characterization  and  testing 
will  give  insight  into  what,  if  any,  properties  correlate  with  high  performance  in  these  metal 
borides.  Below  are  the  key  results  of  the  boride  characterization. 

•  Surface  area  data  and  SEM  images  show  that  the  average  particle  size  of  all  powders  is 
less  than  10  pm,  although  particle  size  data  suggests  that  the  small  particles  tended  to 
coalesce  into  larger  agglomerates.  This  is  a  result  of  the  fine  boron  powder  used. 

•  The  surface  areas  of  the  -325  mesh  borides  are  higher  than  the  -230  mesh  borides,  as 
expected,  indicating  that  some  size  reduction  occurred.  This  did  not  result  in  increased 
weight  gain,  suggesting  that  there  must  be  some  optimum  between  increased  particle  size 
and  decreased  oxygen  content.  The  smaller  particles  tended  to  react  earlier,  but  their  rate 
of  reaction  was  not  higher  than  the  larger  particles  with  less  surface  oxygen. 

•  Boron  gained  the  most  weight  per  unit  mass,  but  reached  the  lowest  percent  of  its 
theoretical  value  of  any  material  tested.  Both  aluminum  and  magnesium  helped  raise  the 
weight  gain  of  boron,  but  when  mixed  together  didn’t  have  as  large  of  an  impact.  The  A1 
+  2B  and  A1B2  were  the  best  materials  based  on  the  TGA  data  since  they  reacted  quickly 
to  nearly  their  full  extent.  Surprisingly,  the  fine  boron  powder  used  in  this  study  reacted 
readily  at  low  temperatures  but  the  formation  of  a  liquid  oxide  layer  resulted  in  slow 
diffusion  and  volatilization  at  high  temperatures. 

•  The  extent  of  reaction  TGA  data  correlated  well  to  thermodynamic  calculations  made  for 
AHc/g. 

•  The  DTA  data  were  inadequate  to  flush  out  the  integrated  area  of  exotherms. 

Calorimetry  and  DSC  measurements  at  ARDEC  are  essential. 

•  The  high  cost  of  boron  is  an  impediment  to  the  implementation  of  borides  until  demand  is 
large.  Boron  carbide,  which  sells  for  similar  prices  to  Al,  shows  that  it  will  be  possible  in 
the  long  term  to  get  pricing  down  if  a  large  demand  for  borides  exists.  In  the  shorter- 
term,  these  materials  are  likely  to  be  in  the  $200/kg  to  $  1,000/kg  range. 
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III.  Characterization  of  500  gram  Samples 

After  receiving  the  four  boride  materials  shipped  on  10-5-10  and  characterized  on  11-11- 
10,  Dr.  Paul  Anderson  requested  that  500  grams  of  A1B2  and  500  grams  of  A1  +  2B  be  prepared 
in  a  similar  manner  to  the  same  samples  shipped  in  50  gram  quantities.  The  new  powders  have 
the  Ceramatec  codes  of  MW1-1 131  (A1B2)  and  MW1-1 13G  (A1  +  2B). 

Figure  16  compares  the  X-ray  diffraction  patterns  of  the  previous  materials  with  those  of 
the  scaled  up  versions,  showing  them  to  be  nearly  identical.  Figure  17  compares  particles  size 
distributions  of  the  scaled  up  versions  compared  to  the  materials  sent  previously.  There  is  good 
agreement  between  the  50  gram  and  500  gram  powders.  Table  7  compares  surface  areas  and 
particle  size  data  showing  that  the  500  gram  samples  are  similar  to  50  gram  batches. 

IV.  Characterization  of  Alternative  Borides 

The  characterization  of  four  boride  powders  and  their  respective  starting  materials 
suggested  that  A1  +  2B  and  A1B2  would  likely  be  the  best  candidates  for  an  insensitive  energetic 
formulation.  While  the  performance  of  these  materials  can  only  truly  be  characterized  by  in  situ 
testing,  TGA  and  DTA  in  flowing  air  suggest  that  these  two  materials  exhibit  the  best  oxidation 
kinetics  of  the  materials  tested.  If  A1  +  2B  or  A1B2  are  in  fact  viable  candidates,  the  cost  of 
manufacturing  these  materials  on  a  large  scale  would  become  an  important  issue  to  address. 
Boron  carbide  (B4C)  is  a  much  cheaper  alternative  to  boron,  as  it  is  widely  used  for  a  number  of 
industrial  applications.  Currently,  the  price  of  boron  powder  from  SB  boron  ranges  from 
$1 10/kg  for  their  lowest  purity  (grade  86)  and  $  139/kg  for  their  most  popular  material  for 
military  use  (grade  90)  to  $266/kg  for  their  high  purity  (grade  95)  boron.  These  costs  are  for 
quantities  exceeding  225  kilograms.  Boron  carbide  costs  $20-40/kg  and  is  comparable  to  the  cost 
of  aluminum. 

Silicon  is  an  inexpensive  metal  that  could  be  used  to  assist  boron  oxidation,  making  SiBg 
a  material  of  interest.  Since  SiB6  contains  three  times  as  much  B  as  A1B2,  a  higher  aluminum 
boride  (A1Bi2)  was  also  synthesized  for  comparison  purposes. 

The  use  of  B4C  is  predicated  on  comparable  performance  to  B.  Table  8  lists  the  powder 
characteristics  of  B4C,  as  well  as  other  boride  mixes  and  powders  synthesized.  The  B4C  used  has 


Table  7 

Powder  Characteristics  Comparing  50  and  500  Gram  Samples 

Surface  Area  Particle  Size  (pm)  Calculated* 


Material 

(m2/g) 

dip 

dso 

d90 

Mean 

Average  (um) 

A1  +  2B  (MW  1-90 A  (50  g)) 

6.23 

0.2 

2.3 

6.5 

2.8 

0.4 

A1  +  2B  (MW1-1 13G  (500  g)) 

5.37 

0.2 

2.2 

12.2 

4.7 

0.5 

A1B2  -230  (MW1-104K  (50  g)) 

1.64 

0.5 

8.4 

28.8 

11.9 

1.2 

A1B,  -230  (MW1-1 131  f500  a)) 

1.96 

0.5 

5.7 

18.6 

8.9 

1.0 

*Based  on  Equation  (2). 
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Counts 


(a) 


Counts 


(b) 

Figure  16.  X-ray  diffraction  patterns  comparing  scaled-up  500  gram  sample  (red)  to  50  g 
powder  (blue)  showing  similar  phases  present  in  scaled-up  versions,  (a)  A1  +  2B  (red=MWl- 
1 13G  and  blue=MWl-90A),  and  (b)  A1B2  (red=MWl-l  131  and  blue=MWl-104K. 
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Differential  Volume 


Volume  Statistics  ( Arlth  melic)  1 001 5.102 


Calculations  from  0  040  pm  Do  2,000  pm 
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100.0% 

Moan 

2  782  pm 

S.D.; 

2.444  pm 

Median: 

2  256  pm 

C.V.: 

87.8% 
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0  542  pm 

Mode 

2  787  pm 

%< 

10 
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75 

90 

Steepm  0.165  0,583  2.256  4.089  6.522 

(a) 


Differential  Volume 
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Calculations  from  0.040  pm  to  2,000  pm 


Volume 

100.0% 

Mean: 

4,655  pm 

S.D.: 

7,060  pm 

Median: 

2,197  pm 

C.V.; 

152% 

D(3,2): 

0.491  pm 
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%< 

10 

25 

50 

75 

90 

Size  pm 
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0.394 

2.197 

5.264 

12.24 

(b) 

Figure  17.  Particle  size  distributions  measured  in  isopropanol,  (a)  50  gram  A1  +  2B  (MW1- 
90A)  and  (b)  500  gram  A1  +  2B  (MW1-1 13G). 


33 


Differential  Volume 


Volume  Statistics  (An  thmetic)  1 0023.302 


Calculation*  from  0.040  pm  to  2,000  pm 


Volume 

100.0% 

Mean: 

11.92  pm 

S.D.: 

1 1 .55  pm 

Median: 

3.437  pm 

C.V.; 

97.0% 

□(3.2)4 

1,310  pm 
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10-40  pm 

%< 

10 

20 

50 

75 

90 
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(C) 

Differential  Volume 


Volume  Statistics  (Arithmetic)  1 1 002,$05 


Calculations  from  0.040  pm  to  2,000  pm 


Volume 

100.0% 

Mean: 

8.914  pm 

S.D.: 

11.80  pm 

Median 

5.725  pm 

C.V.: 

132% 

D{3.2): 

1.213pm 

Mode: 

9.371  pm 

%< 

10 

25 

50  75 

90 

Size  pm 

0.497 

2206 

5.725  11.17 

18.56 

(d) 

Figure  17  (continued).  (c,d)  -230  mesh  A1B2  (MW1-104K).  (c)  50  gram  (MW1-104K)  and  (d) 
500  gram  (MW1- 1131). 
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Table  8 

Powder  Characteristics  Comparing  Initial  and  Alternative  Materials 


Surface  Area 

Particle  Size  (pm) 

Calculated 

Material 

(m2/g) 

dip 

dso 

d90 

Mean 

Average  (um) 

B 

10.88 

0.1 

0.2 

3.2 

1.2 

0.2 

A1 

1.39 

0.2 

2.9 

7.8 

3.4 

1.6 

Mg 

0.82 

11.9 

38.2 

66.5 

38.6 

3.9 

Mg-Al 

0.40 

2.0 

10.0 

25.9 

12.4 

6.8 

A1  +  2B 

6.23 

0.2 

2.3 

6.5 

2.8 

0.4 

A1B2  -230 

1.64 

0.5 

8.4 

28.8 

11.9 

1.2 

A1B2  -325 

2.10 

0.4 

5.4 

21.9 

8.7 

0.9 

Mg  +  2B 

6.73 

0.3 

8.6 

65.4 

24.0 

0.4 

MgB2  -230 

4.78 

0.7 

9.2 

46.0 

17.4 

0.5 

MgB2  -325 

5.55 

0.5 

1.6 

2.9 

1.6 

0.4 

'/2  MgAl  +  2B 

5.85 

0.1 

1.6 

5.1 

2.0 

0.4 

Mgo.5Alo.5B2  -230 

2.30 

0.9 

7.3 

27.5 

11.4 

0.9 

Mgo.5Alo.5B2  -325 

3.15 

0.5 

1.6 

2.9 

1.6 

0.7 

Mg  +  A1  +  14B 

7.75 

0.1 

1.3 

4.4 

1.8 

0.3 

Mgo.78Alo.75B  14  -230 

0.55 

4.8 

14.7 

28.2 

16.0 

4.1 

Mgo.7sAlo.75Bi4  -325 

1.29 

0.4 

7.5 

17.1 

8.4 

1.8 

B4C 

6.92 

0.1 

1.4 

3.8 

1.7 

0.3 

Si 

3.56 

0.2 

2.7 

5.9 

2.7 

0.7 

A1  +  12B 

9.11 

0.1 

0.4 

3.2 

1.3 

0.3 

AIB12  -230 

1.38 

1.3 

6.4 

17.5 

8.6 

1.8 

AIB12  -325 

1.42 

0.5 

4.8 

12.1 

5.8 

1.6 

B4C  +  2A1 

4.30 

0.2 

2.0 

5.4 

2.4 

0.6 

AIB3C  +  A1B2  -230 

2.60 

0.3 

4.3 

17.7 

7.2 

0.9 

Si  +  6B 

9.10 

0.1 

0.4 

2.6 

0.9 

0.3 

SiBo  -230 

0.71 

3.2 

14.9 

38.4 

20.8 

3.9 

a  high  surface  area  and  small  particle  size  such  that  it  is  relatively  comparable  to  the  B  powder. 
The  B4C  was  mixed  with  aluminum  in  a  2: 1  B  to  A1  ratio,  similar  to  A1  +  2B.  This  power  was 
also  reacted  under  similar  conditions  to  A1  +  2B.  This  resulted  in  an  aluminum  boron  carbide 
(AIB3C)  as  well  as  AIB2,  as  evidenced  by  the  XRD  pattern  in  Figure  18.  Figures  19  and  20  show 
that  the  SiB6  and  AIB12  phases  formed  as  desired.  Table  8  also  shows  data  for  samples  prepared 
previously,  so  it  is  easy  to  see  that  the  surface  areas  were  low  for  all  reacted  powders,  as 
expected.  However,  the  particle  size  of  the  SiB6  was  much  larger  than  the  other  two  powders, 
being  comparable  in  size  to  the  MgAlBi4  prepared  previously.  Comminution,  of  course,  could 
be  used  to  reduce  particle  size.  Appendix  B  contains  particle  size  distributions  of  the  alternative 
borides  as  measured  in  isopropanol. 

Figures  21  and  22  show  the  TGA  and  DTA  curves  for  the  reacted  powders  as  well  as 
mixtures  of  the  starting  elements  in  these  compositions.  Figures  23-26  provide  comparisons 
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(a) 


(b) 

Figure  18.  XRD  pattern  for  B4C  +  2A1  (a),  and  reacted  B4C  +  2A1  (b).  The  reacted  powder 
contains  AIB3C  and  A1B2  as  major  phases  as  well  as  some  unreacted  A1  and  B4C. 
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Figure  19.  XRD  pattern  for  Si  +  6B  (a)  and  SiB6.  The  software  only  contained  peaks  indexed  up 
to  40°  20  for  SiB6,  but  it  was  a  very  good  match  up  to  that  point. 
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Figure  20.  XRD  scans  of  (a)  A1  +  12B  and  (b)  A1B  12.  As  seen  previously,  amorphous  boron  is 
difficult  to  detect  but  the  large  amount  of  boron  makes  the  minor  crystalline  phase  easier  to 
detect.  When  reacted,  A1  +  12B  formed  AIB12  with  some  AI2O3  as  an  impurity. 
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Figure  21.  TGA  of  boron  and  boron  carbide  starting  and  reacted  powders.  Boron  remained  the 
best  material  in  terms  of  mass  gain,  with  both  A1  +  2B  and  AIB2  within  20%.  B4C,  B4C  +  2A1 
and  reacted  B4C  +  2A1  all  gained  significantly  less  weight  than  A1  +  2B,  A1B2,  and  boron. 


20%  02,  80%  N2  150  cc/mil 


Figure  22.  DTA  of  boron  and  boron  carbide  starting  and  reacted  powders.  The  exotherms  for  the 
boron  carbide  materials  are  comparable  to  those  of  A1  +  2B  and  A1B2. 
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20%  02,  80%  N2  150  cc/mil 


Figure  23.  TGA  of  silicon  borides  vs.  aluminum  borides. 
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Figure  24.  DTA  of  silicon  borides  vs.  aluminum  borides. 


40 


20%  02,  80%  N2  150  cc/min 


Figure  25.  TGA  comparing  A1:B  ratios  of  1 :2  and  1:12.  The  amount  of  aluminum  had  little 
impact  on  the  actual  weight  change  of  the  powders,  but  the  1 :2  ratio  had  a  much  higher  extent  of 
oxidation  suggesting  that  adding  more  aluminum  helps  boron  oxidation. 


20%  02,  80%  N2  150  cc/mjn 


Figure  26.  DTA  comparing  A1:B  ratios  of  1 :2  and  1:12.  Neither  A1  +  12B  nor  AIB12  seem  to 
provide  any  advantage  from  an  exothermic  reaction  standpoint. 
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between  materials.  Table  9  summarizes  the  oxidation  characteristics  of  materials  provided 
previously  as  well  as  the  materials  shown  in  Figures  21  and  22.  The  lighter  the  material  the 
easier  it  is  to  show  a  high  mass  gain  upon  oxidation.  A  better  way  to  compare  these  materials  is 
relative  to  their  theoretical  mass  gain.  It  is  assumed  that  B4C  oxidizes  to  B2O3  and  CO,  such  that 
the  final  weight  gain  assumes  that  all  of  the  C  has  volatilized.  The  boron  carbide  is  therefore 
fairly  comparable  to  boron  on  the  basis  of  oxidation  (see  Table  9).  The  TGA  curves  (see  Figure 
21)  show  that  both  B  and  B4C  start  to  oxidize  at  the  same  temperature  and  the  DTA  curves  are 
fairly  similar,  with  B  showing  more  heat  released  than  B4C  as  shown  in  Figure  22.  B4C  +  2A1 
was  very  similar  to  A1  +  2B  (Figure  22  and  Table  9)  and  performed  the  best  of  the  B4C  powders. 
Reacted  B4C  +  2A1  showed  different  oxidation  behavior  from  A1B2,  with  rapid  oxidation  around 
650°C.  Figure  22  suggests  that  this  material  would  be  worth  comparing  to  A1B2  using  a  bomb 
calorimeter  with  a  polymeric  source  of  oxygen  and  nitrogen. 

Si  +  6B  and  SiBg  did  not  gain  as  much  mass  as  A1  +  2B  or  A1B2.  Both  Si  +  6B  and  SiBg 
were  not  fully  oxidized  at  1500°C,  as  indicated  by  the  TGA  data  in  Figure  23.  SiBg  does  not 
decompose  until  1380°C,  at  which  point  much  of  the  oxidation  has  already  taken  place  and  no 
liquid  metal  exists  to  assist  the  reaction.  The  slow  oxidation  of  this  material  may  also  be  due  to 
the  relatively  large  particle  size  of  the  material.  Furthermore,  silicon  does  not  exhibit  good 
reaction  kinetics  and  was  the  worst  of  all  materials  tested.  Surprisingly,  the  reaction  kinetics 
slowed  down  when  the  Si  was  molten  whereas  the  other  materials  seemed  to  speed  up  when  a 
liquid  phase  was  present. 

A1  +  12B  and  A1Bi2  were  also  investigated  in  order  to  clarify  the  role  of  aluminum  in 
boron  oxidation  (for  the  starting  powders)  and  compare  the  oxidation  behavior  of  A1B2,  Si  Be, 
and  A1B  12-  The  weight  gain  of  these  powders  was  also  similar,  as  seen  in  Figure  25.  However, 
A1  +  2B  reached  98%  of  its  theoretical  mass  gain  while  A1  +  12B  only  got  to  74%  (Table  9). 

This  suggests  that  the  presence  of  aluminum  enables  boron  to  react  more  completely,  and  that 
increasing  the  amount  of  aluminum  increases  the  fraction  of  boron  that  is  oxidized.  It  is 
therefore  clear  that  higher  borides  are  not  desirable  due  to  the  high  cost  of  boron.  The  fact  that 
A1Bi2  reacts  quickly  (has  a  high  slope  (see  Figure  25)  or  a  small  oxidation  range  (see  Table  9), 
however,  is  of  interest  and  suggests  that  it  deserves  further  characterization  in  at  least  a 
detonation  calorimeter  test.  DTA  (Figure  26)  verifies  these  data  in  that  A1  +  12B  give  high  heat 
output  like  boron  but  with  a  smaller  AT.  Interestingly,  A1Bi2  achieves  the  same  extent  of 
oxidation  as  A1B2.  This  is  surprising  because  it  was  thought  that  the  unreacted  aluminum  in  the 
A1B2  powder  assisted  oxidation  of  that  powder.  The  similar  extents  of  reaction  for  A1  +  2B  and 
A1B2  weren’t  surprising  because  free  aluminum  existed  in  both  cases.  A1Bi2,  however,  did  not 
contain  any  free  aluminum,  based  on  XRD  or  DTA,  and  oxidized  to  the  same  extent  as  its 
starting  powder.  A  more  thorough  study  of  oxidation  behavior  will  need  to  be  conducted  to 
determine  the  role  of  aluminum  in  boron  oxidation;  specifically,  the  nature  of  the  interaction 
between  B2C>3  and  aluminum. 

As  it  has  been  stated  before,  TGA  and  DTA  may  not  be  indicators  of  energetic 
performance  and  in  situ  tests  must  be  performed,  not  only  to  determine  the  performance  of 
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Table  9 

Powder  Oxidation  Characteristics  Comparing  Initial  and  Alternative  Materials 

Actual  %  Theoretical  %  %  of  Initiation  Oxidation 

Material  Mass  Change  Mass  Change  Theoretical  Temp  (°C)* Range**  t°C) 


B 

152 

222 

69 

548 

905 

A1 

89 

89 

100 

583 

804 

Mg 

51 

66 

77 

534 

292 

Mg-Al 

78 

78 

100 

527 

520 

A1  +  2B 

141 

149 

83 

577 

473 

A1B2  -230 

145 

149 

98 

755 

505 

A1B2  -325 

140 

149 

95 

746 

509 

Mg  +  2B 

126 

139 

91 

597 

480 

MgB2  -230 

126 

139 

90 

673 

705 

MgB2  -325 

118 

139 

85 

679 

628 

y2  MgAl  +  2B 

122 

146 

83 

596 

765 

Mgo.5Alo.5B2  -230 

126 

146 

86 

753 

726 

Mgo.5Alo.5B2  -325 

119 

146 

82 

723 

748 

Mg  +  A1  +  14B 

141 

186 

76 

573 

927 

MgAlBn  -230 

135 

186 

73 

890 

608 

MeAlBu  -325 

109 

186 

59 

740 

760 

B4C 

100 

152 

66 

522 

749 

Si 

46 

87 

53 

919 

581 

A1  +  12B 

147 

199 

74 

543 

566 

A1Bi2  -230 

146 

199 

74 

746 

484 

A1Bi2  -325 

143 

199 

72 

751 

706 

2A1  +  B4C 

115 

121 

95 

535 

627 

A1B3C  +  2A1  -230 

100 

121 

83 

699 

658 

Si  +  6B 

128 

144 

89 

528 

972 

SiB*  -230 

116 

144 

81 

683 

818 

*  Initiation  temperature  is  reported  as  the  temperature  at  5%  mass  gain. 

**  Temperature  range  over  which  material  goes  from  5%  to  90%  mass  gain. 

specific  materials  but  more  importantly  to  determine  if  any  preliminary  tests  conducted  here  will 
correlate  in  any  way  with  energetic  performance.  Aluminum  is  a  common  energetic  additive,  yet 
the  TGA  scan  of  Valimet  H3  aluminum  shows  relatively  little  mass  gain  compared  to  the  boride 
compounds.  This  is  simply  a  result  of  the  scale,  which  favors  lighter  materials.  Although  this 
aluminum  is  smaller  than  the  standard  aluminum  used,  it  reacted  almost  completely,  so  larger 
aluminum  could  not  gain  more  mass.  Therefore,  DTA  scans  may  be  more  indicative  of  actual 
performance.  The  large  exotherm  exhibited  by  aluminum  separates  it  from  the  other  materials 
tested  for  this  milestone  although  constant  volumes  of  material  should  be  compared.  The 
temperatures  at  which  the  exotherms  occur  are  probably  more  closely  related  to  sensitivity  than 
the  apparent  initiation  temperature  as  extrapolated  from  a  TGA  curve.  This  reaffirms  the 
importance  of  in  situ  testing. 
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Table  10 

Calculated  vs.  Actual  Mass  Change  for  Starting  Powders 


Starting  Powder 

Calculated 
%  Mass  Gain 

Actual 

%  Mass  Gain 

Efficiency 
Increase  (A%) 

A1  +  2B 

118 

141 

23 

'AAl-Mg  +  2B 

113 

122 

9 

Mg  +  2B 

99 

126 

27 

A1  +  12B 

142 

147 

5 

Al-Mg  +  14B 

134 

141 

7 

2A1  +  B4C 

83 

115 

32 

Si  +  6B 

121 

128 

7 

An  expected  mass  gain  can  be  calculated  for  each  of  the  starting  powders  based  on  the 
TGA  of  the  raw  powders.  Comparing  these  calculations  with  the  actual  weight  gain  gives  an  idea 
of  how  the  additional  metal  is  affecting  boron  oxidation  (see  Table  10).  All  metals  aided  B  or 
B4C  oxidation.  Since  A1  aids  in  B4C  oxidation,  it  would  be  worthwhile  to  test  this  powder 
mixture  to  see  how  it  reacts  when  a  polymer  is  added  to  aid  in  oxidation. 

As  the  performance  and  sensitivity  of  these  powders  are  analyzed,  the  cost  of  these 
powders  must  also  be  taken  into  consideration.  While  B4C  does  not  oxidize  as  well  as  B,  it  may 
be  less  sensitive  and  it  is  a  fraction  of  the  cost.  It  may  be  worthwhile  to  investigate  methods  to 
improve  boron  carbide  powders  to  increase  their  performance.  Si  +  6B  and  SiB6  do  not  show 
promise  as  viable  candidates  in  the  particle  sizes  tested  based  on  low  extents  of  reaction  and 
relatively  small  heat  outputs.  This  is  not  surprising  in  light  of  the  poor  performance  of  Si. 

SEM  images  of  the  newly  prepared  powders  are  shown  in  Figures  27  and  28.  These 
powders  look  similar  to  the  initial  borides.  The  reacted  powders  appear  to  be  uniform  with 
respect  to  distribution  of  the  phases  present. 

A1  +  12  B  and  AIB12  are  not  low  cost  alternatives,  but  provide  a  point  of  comparison  with 
respect  to  metal-boron  ratio  and  crystal  structure  (in  the  case  of  AIB12).  As  addressed  above,  a 
higher  metal  to  boron  ratio  increases  the  extent  of  reaction  of  boron  and  therefore  this  precludes 
A1  +  12B  from  being  a  viable  candidate.  AIB12,  like  AIB2,  oxidizes  to  the  same  extent  as  its 
starting  powder  and  exhibits  less  sensitivity  than  B,  A1  +  2B  and  A1  +  12B.  However,  it  does  not 
look  better  than  AIB2,  a  less  expensive  alternative,  so  its  use  is  not  recommended  if  these  tests 
are  predictive. 
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Figure  27.  SEM  images  of  starting  powders  (backscattered  images  on  right  and  secondary 
images  on  left).  From  top  to  bottom:  A1  +  2B,  A1  +  12B,  Si  +  6B  and  2A1  +  B4C.  Markers  are  10 
pm. 
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Figure  28.  SEM  images  of  reacted  powders  (backscattered  images  on  right  and  secondary 


images  on  left).  From  top  to  bottom:  AIB2,  AIB12,  SiB6  and  AIB3C  +  AIB2.  Markers  are  10  pm. 
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Conclusions 

•  B4C  is  much  cheaper  than  boron  and  like  B  is  aided  in  its  oxidation  by  the  reaction  with  Al. 

When  this  powder  is  reacted  it  is  more  insensitive  and  deserves  to  be  tested  in  comparison  to 
A1B2.  If  sensitivity  is  not  an  issue,  a  mixture  of  boron  carbide  and  aluminum  may  be  a  good  way 
to  improve  the  heat  output  of  an  explosive  mixture  on  a  volume  basis. 

•  A  mixture  of  B4C  and  Al  in  the  same  stoichiometric  ratio  as  Al  +  2B  greatly  increased  the  extent 
of  oxidation  of  B4C.  Both  B4C  +  2A1  and  Al  +  2B  reached  95%  of  their  theoretical  mass  change. 

•  Unlike  A1B2,  once  the  B4C  +  2A1  was  reacted  its  extent  of  oxidation  decreased  by  10%.  Because 
the  reacted  composition  was  composed  partially  of  A1B2,  this  suggests  that  the  A1B3C  does  not 
oxidize  well. 

•  Silicon  does  not  provide  an  advantage  over  aluminum  in  aiding  boron  oxidation  and  does  not 
oxidize  well.  The  Si  +  6B  powder  mixture  showed  an  abrupt  decrease  in  the  rate  of  oxidation  at 
around  800°C  as  seen  by  TGA  and  DTA.  SiB6  did  not  show  promise  either. 

•  The  A1:B  ratio  in  the  starting  powders  Al  +  2B  and  Al  +  12B  is  related  to  the  extent  of  oxidation. 
More  aluminum  corresponded  to  higher  extent  of  reaction  for  these  two  mixes.  Given  the  high 
cost  of  boron,  the  use  of  Al  +  12B  or  AlBi2  is  difficult  to  justify  if  these  results  are  predictive  of 
explosive  mixtures. 

•  Calorimetry  data  are  needed  to  determine  how  the  structural,  morphological,  and/or  oxidation 
characteristics  of  the  powders  affect  their  performance. 

V.  Effect  of  Aluminum  and  Boron  on  AIB2  Oxidation  in  Air 

Effect  of  Free  Boron  and  Aluminum 

Powders  with  the  nominal  composition  ‘AIB2’  have  been  synthesized,  but  in  all  cases  the 
reaction  between  aluminum  and  boron  has  been  incomplete.  Because  the  molar  ratio  of  boron  to 
aluminum  is  2: 1  and  the  mass  ratio  of  boron  to  aluminum  is  about  1 :2,  the  mass  percents  of 
aluminum  and  boron  that  remained  unreacted  are  approximately  the  same.  Therefore,  the  effect 
of  both  free  aluminum  and  free  boron  on  the  oxidation  of  A1B2  could  be  studied  as  a  function  of 
the  percent  free  aluminum  and  boron  remaining  after  reaction  (see  Figure  29  and  Table  1 1). 
Figure  30  illustrates  that  having  higher  amounts  of  free  aluminum  and  boron  caused  a  sample  to 
oxidize  at  lower  temperatures.  There  was  also  more  hysteresis  in  weight  loss  at  high  (>1250°C) 
temperatures  for  samples  with  more  free  boron  and  aluminum.  The  surface  area  of  these  powders 
may  be,  and  probably  is,  different,  which  may  impact  the  magnitude  of  differences  seen  between 
these  powders.  To  determine  the  cause  of  these  phenomena  (aluminum,  boron  or  something 
else),  samples  were  prepared  with  varying  amounts  of  free  boron  and  aluminum. 

Effect  of  Free  Aluminum 

Three  powders  were  made  to  test  the  effect  of  free  aluminum  on  the  oxidation  behavior 
of  AIB2.  The  first  powder,  162F,  was  a  stoichiometric  mixture  of  aluminum  and  boron  heated  to 
900°C  for  1  hour  in  He-6%H2.  This  powder  had  9.4%  free  boron  and  9.7%  free  aluminum  by 
weight.  Aluminum  was  then  added  to  this  powder  and  it  was  reacted  again  at  900°C  for  1  hour 
in  He-6%H2  in  an  attempt  to  react  all  of  the  free  boron,  resulting  in  powder  169B1.  This  powder 
had  less  free  boron  than  162F  but  more  free  Al.  The  aluminum  was  then  removed  by  washing  in 
HC1  and  a  powder  with  a  composition  around  95%  AIB2  -  5%  B  -  5%A1203  (165E)  was  formed. 
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Figure  29.  XRD  patterns  for  three  different  “A1B2”  samples  made  starting  with  one  mole  of 
aluminum  and  two  moles  of  boron.  Free  boron  does  not  show  up  by  XRD  but  the  amount  of  free 
A1  is  very  discemable  increasing  as  1691  >  104K  >  162F  (see  Table  1 1). 


While  Rietveld  analysis  suggests  that  the  boron  was  not  completely  removed  by  the  addition  of 
aluminum,  the  aluminum  peak  went  down  after  aluminum  was  added  (Figure  31),  showing  that 
free  boron  existed,  which  reacted  with  the  aluminum.  TGA  (Figure  32)  showed  that  excess 
aluminum  does  not  affect  the  initiation  of  oxidation,  but  does  slow  down  the  rate  of  oxidation  at 
higher  temperatures. 


Table  11 

Powders  with  Free  Aluminum  and  Boron 

Rietveld  Analysis  (Weight  %)  Adjusted  Rietveld*  (Weight  %) 


Sample 

A1B2 

A1 

A1203 

A13BC 

A1B2 

A1 

B 

A1203 

A13BC 

162F 

84.9 

10.7 

2.9 

1.4 

76.9 

9.7 

9.4 

2.6 

L3 

104K 

76.0 

19.1 

3.8 

1.1 

64.8 

16.3 

14.7 

3.2 

0.9 

1691 

65.4 

32.3 

0.4 

2.0 

51.7 

25.5 

20.9 

0.3 

1.6 

*  Rietveld  analysis  adjusted  for  undetectable  (by  XRD)  free  boron. 
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aib2tga 


Figure  30.  TGA  of  reacted  A1B2  samples  containing  different  amounts  of  free  A1  &  B  (see  Table 
11).  The  oxidation  initiation  temperatures  change  as  well  as  the  %  mass  change  and  hysteresis. 
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Figure  31.  XRD  patterns  for  162F  (reacted  A1B2),  169B1  (A1  added  to  react  with  free  B)  and 
165E  (acid- washed  169B1).  The  acid- washed  powder  increased  the  A1B2  content  to  93  %. 
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Figure  32.  TGA  of  as  reacted  (162F  (red)),  with  excess  Al  (169B1  (blue))  and  acid  washed 
powder  (165E  (green)).  Excess  Al  does  not  change  the  oxidation  initiation  temperature  but  does 
slow  down  the  kinetics  of  oxidation  at  higher  temperatures. 


Effect  of  Boron 

The  effect  of  free  boron  on  AIB2  oxidation  was  examined  by  acid  washing  three  different 
samples.  By  acid  washing  samples  with  different  amounts  of  free  aluminum  and  boron,  powders 
with  almost  no  aluminum  and  different  amounts  of  free  boron  were  produced.  Powders  142 A 
and  163 A  were  made  by  washing  powders  104K  and  158C,  respectively.  X-ray  patterns  for 
these  three  acid-washed  powders  are  shown  in  Figure  33.  The  acid  washing  has  essentially 
removed  the  Al  with  slightly  higher  aluminum  oxide.  Oxidation  in  air  (see  Figure  34)  shows  that 
the  mass  gains  are  higher  for  powders  with  more  boron,  as  expected.  However,  reducing  the 
amount  of  free  boron  increases  the  ability  to  oxidize  to  a  higher  percent  of  the  theoretical  value. 
Reducing  the  amount  of  free  boron  increases  the  initiation  of  oxidation  without  substantially 
affecting  the  rate  of  oxidation.  The  AIB2  with  15%  and  20%  free  boron  began  to  oxidize  around 
750°C,  but  the  boride  powder  with  ~5%  B  did  not  oxidize  readily  until  higher  temperatures.  The 
high-temperature  hysteresis  appears  to  be  due  to  volatility  of  B2O3  produced  by  oxidizing  the 
free  B.  When  A1B2  oxidizes,  it  forms  an  aluminum  borate,  which  has  a  lower  vapor  pressure 
than  B2O3. 

Improvement  in  Purity 

While  it  was  not  possible  to  make  phase-pure  AIB2,  as  had  been  expected,  recently 
synthesized  powders  have  shown  a  much  higher  purity  than  the  powder  delivered  previously  to 
ARDEC.  The  free  aluminum  accompanying  the  AIB2  in  these  powders  has  been  nearly 
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Figure  33.  XRD  patterns  for  142A  (red),  163A  (blue)  and  165E  (green).  All  patterns  have 
minimal  amounts  of  aluminum  but  slightly  increased  aluminum  oxide. 
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Figure  34.  TGA  of  acid-washed  “AIB2”  powders  containing  different  amounts  of  free  B  (Green 
=  5  %,  blue  =15  %,  and  orange  =  20  %).  Powders  (heated  in  air  at  10°C/min)  were  held  at 
1500°C. 
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Figure  35.  Comparison  of  initial  material  delivered  (104K  (red))  and  recently  synthesized 
material  (165E  (green)).  Note  that  the  aluminum  (38°  and  65°  20)  has  been  nearly  eliminated. 


eliminated,  as  seen  from  XRD  pattern  in  Figure  35.  The  weight  percent  of  AIB2  in  these  powders 
is  above  90%  by  unadjusted  Rietveld  (see  Table  12).  It  would  be  worthwhile  testing  these  high- 
purity  powders  in  explosive  formulations  to  see  if  they  offer  any  advantage  over  the  previously 
prepared  materials. 

A  much  better  alternative  to  acid-washing,  which  is  expensive  and  time  consuming,  is  to 
reduce  the  amount  of  free  A1  and  B  by  improved  processing.  To  date,  the  best  results  have 
brought  the  value  of  aluminum  down  from  about  20  %  to  about  8  wt.  %,  which  is  a  substantial 
improvement.  Testing  in  explosive  formulations  should  be  used  to  see  if  differences  can  be 
observed. 


Table  12 

Phase  Comparison  of  AIB2  Powders 

Rietveld  Analysis  (Weight  %)  Adjusted  Rietveld*  (Weight  %) 


Sample 

A1B2 

A1 

AI2O3 

AI3BC 

A1B2  A1 

B 

AI2O3 

AI3BC 

104K 

76.0 

19.1 

3.8 

1.1 

64.8"  16.3 

14.7 

3.2 

0(9 

165E 

93.1 

1.0 

5.8 

0.0 

NA 

*  Rietveld  analysis  adjusted  for  undetectable  free  boron. 
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Conclusions 

•  A  nearly  single  phase  material  has  been  synthesized  with  only  minor  impurities.  The  AI2O3  in  the 
final  powder  is  mainly  from  oxygen  in  the  starting  powders. 

•  Free  boron  and  free  aluminum  change  the  oxidation  characteristics  of  A1B2  in  air  at  atmospheric 
pressure. 

•  An  increasing  amount  of  free  boron  decreases  the  initiation  temperature  of  A1B2  (towards  the 
initiation  temperature  of  pure  boron)  but  increases  the  extent  of  oxidation. 

•  An  increasing  amount  of  free  aluminum  slows  down  oxidation  at  high  temperatures  but  does  not 
have  much  impact  on  initiation  temperature. 

•  The  surface  area  of  these  powders  may  be,  and  probably  is,  different  between  powders.  These 
measurements  should  be  made  to  assess  the  differences  seen  between  these  powders. 

•  Oxidation  in  air  at  atmospheric  pressure  is  likely  a  poor  indicator  of  what  one  can  expect  in  an 
explosive  mixture.  Initial  combustion  calorimetry  data  from  ARDEC  suggest  that  A1B2  (104K) 
had  a  higher  extent  of  oxidation  than  A1  +  2B,  which  is  opposite  of  oxidation  kinetics  in  flowing 
air. 

VI.  Surface  Treatments  of  A1B2  to  Limit  Degradation  in  Moist  Environments 

Background 

Metal  fuel  additives  are  used  for  explosive  formulations  to  increase  the  energy  density  of 
an  energetic  mixture.  These  additives  are  often  small  diameter  powders  with  large  surface  area- 
to-volume  ratios  that  are  added  to  organic-based  energetic  systems.  While  the  high  surface  area 
gives  the  powders  favorable  energetic  characteristics  upon  ignition,  it  also  leaves  them 
vulnerable  to  oxidation  during  handling,  transportation  and  storage.  Metal  powders,  such  as  Mg 
and  Al,  are  oxidized  by  atmospheric  water  vapor  through  the  formation  of  surface  hydroxides 
and  oxides.  It  is  expected  that  high  humidity  and/or  high  temperature  conditions  will  accelerate 
the  oxidation  process.  This  oxidation  process  is  undesirable,  as  a  powder  with  a  higher  mass 
fraction  of  surface  oxide  will  have  a  lower  energy  density  and  the  oxide  will  change  the  ignition 
reaction  kinetics  at  the  organic-particle  interface  in  situ. 

Boron  is  relatively  resistant  to  reaction  with  water  at  storage  temperatures[l  14],  but  boric 
acid,  a  water  soluble  compound,  has  a  substantial  vapor  pressure  at  low  temperatures [1 15]. 

When  Al  and  B  are  mechanically  mixed  together  one  would  expect  the  Al  to  hydrolyze  readily 
and  the  boron  to  be  resistant  to  oxidation  under  ambient  storage  conditions. 

Aluminum/boron  physical  mixtures[l  16]  as  well  as  diboride  (AIB2)  have  been 
investigated  as  an  alternative  fuel  additive  due  to  their  increased  energy  density  compared  to 
conventional  additives[12].  Results  are  unclear  at  the  present  time  since  Mitani  and  Izumikawa 
found  that  Al  increased  the  kinetics  of  ignition  but  that  only  the  B  burned,  while  recent  testing  by 
ARDEC  suggests  that  Al  and  B  mixtures  only  resulted  in  aluminum  combustion.  ARDEC  found 
that  AIB2  was  more  energetic  than  the  Al  +  2B  mixture. 

A1B2  was  hypothesized  to  have  lower  sensitivity  to  water  than  conventional  metal 
additives  due  to  the  formation  of  more  favorable  aluminum  and  boron  chemical  bonds.  AIB2 
was  compared  to  boron,  aluminum,  and  a  physical  mixture  in  the  ratio  one  mole  of  Al  to  two 
moles  of  B.  Al  has  a  known  sensitivity  to  hydration  and  requires  passivation  to  prevent 
hydrolysis.  Removal  of  free  aluminum  from  AIB2  by  an  acid  wash  was  expected  to  improve 
resistance  to  degradation.  An  electroless  tin  coating  was  applied  to  AIB2  in  order  to  limit 
oxidation.  Alternatively,  silane  coatings  were  applied  to  make  the  materials  hydrophobic,  even 
though  these  coatings  are  permeable  to  water  vapor.  Muller  et  al.[l  17]  suggested  that  amines 
offer  better  protection  from  moisture  absorption  for  nanoscaled  TiN  than  organic  polymers 
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containing  oxygen  so  a  commercially  available  amine  coating  was  also  investigated.  The 
purpose  of  this  milestone  was  to  find  ways  to  protect  A1B2,  if  not  already  moisture  resistant, 
under  ordinary  storage  conditions. 

Experimental  Procedures 

A1B2  powder  was  synthesized  from  a  stoichiometric  ratio  of  the  elements.  The  reaction 
of  aluminum  and  boron  does  not  proceed  completely,  leaving  some  unreacted  starting  material. 
Compositions  of  the  tested  powers  are  reported  in  Table  13.  The  aluminum,  boron,  and,  by 
extension,  A1  +  2B,  compositions  are  reported  as  they  were  given  by  the  manufacturer.  The 
composition  of  A1B2,  was  measured  by  XRD  and  corrected  for  free  boron,  which  is  not  easily 
detected. 

It  is  interesting  to  note  that  a  commercially  (H.  C.  Starck  through  ABCR)  supplied  A1B2 
powder,  which  was  almost  identical  to  our  synthesized  powder  by  XRD  (see  Figure  36),  claimed 
to  have  a  composition  of  over  95%  A1B2  by  chemical  analysis.  Starck  measured  an  O  content  of 
1.9  %.  It  is  clear  that  their  analysis  made  no  determination  of  separate  aluminum-boron  phases, 
which  may  have  an  impact  on  both  moisture  sensitivity  and  overall  energetic  performance.  The 
discrepancy  also  suggests  that  the  Rietveld  fitting  of  XRD  scans  overestimates  the  oxygen 
content  (via  Al203)  of  the  powder. 

Samples  of  the  Ceramatec  control  A1B2  powder  were  treated  with  six  different  surface 
modifications.  These  included  silane,  fluorosilane,  amine,  and  tin  coatings,  as  well  as  an  acid 
treatment  to  remove  the  free  Al.  The  different  surface  treatments  were  given  a  code,  as  shown  in 
Table  14.  The  silane  treatments  were  prepared  by  making  a  solution  of  95  vol.  %  methanol-5 
vol.  %  distilled  water,  adjusting  the  pH  to  4. 5-5. 5  with  acetic  acid,  adding  35  grams  of  A1B2 
powder  to  100  cc  of  solution  while  stirring,  and  finally  adding  2  grams  of  the  silane  solution 
while  stirring.  The  powders  in  solution  were  stirred  for  30  minutes  at  500  rpm,  filtered,  washed 
with  methanol,  rinsed  with  acetone,  and  dried  at  1 10°C  for  15  minutes.  The  amine  solution  was 
made  by  adding  2.15  grams  of  octadecylamine  (Aldrich  305391)  to  500  cc  of  hexane  and  heating 
to  get  into  solution.  The  A1B2  powder  (35  grams)  was  stirred  for  two  hours  and  then  filtered, 
rinsed  with  hexane,  and  dried  at  1 10°C  for  15  minutes. 

An  electroless  Tin  was  applied  to  35  grams  of  A1B2  powder  by  adding  the  powder,  while 
stirring,  to  475  ml  of  the  electroless  Tin  solution.  The  powder  was  then  washed  with  water, 
acetone,  and  dried  at  1 10°C  for  15  minutes. 

The  acid  wash  was  accomplished  by  adding  50  grams  of  A1B2  powder  to  700  ml  of  water 
and  slowly  adding  dilute  HC1  to  the  powder  until  the  reaction  stopped.  The  solution  was  filtered, 
rinsed  with  water  and  acetone,  and  dried  at  1 10°C  overnight.  The  powder  stuck  to  the  filter 
paper.  The  powder  was  pulverized  in  a  mortar  and  pestle  and  screened  -325  mesh  to  remove  the 
filter  paper.  However,  some  of  the  filter  paper  remained  in  this  powder. 

Table  13 

Compositions  of  Starting  Powders 

Particle  Surface  Composition  (Weight  %) 


Sample 

Size  (um) 

2 

Area  (m  /g) 

Al 

B 

A1203 

B2O3 

A1B2 

Other 

Al 

3.4 

1.4 

99.4 

0.0 

0.6 

0.0 

0.0" 

0.0 

B 

1.2 

10.9 

0.0 

97.6 

0.0 

2.0 

0.0 

0.4 

A1  +  2B 

2.8 

6.2 

55.2 

43.2 

0.3 

0.9 

0.0 

0.2 

A1B2 

8.5 

2.0 

10.6 

10.2 

3.4 

0.0 

74.7 

1.0 
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Figure  36.  XRD  comparison  of  H.  C.  Starck  AIB2  (red)  and  material  manufactured  in-house 
(blue).  The  patterns  are  nearly  identical,  despite  discrepancies  in  reported  compositions. 


Salt  solutions  were  made  for  different  relative  humidities[l  18].  A  relative  humidity 
chamber  at  =10%  was  made  by  adding  KOH  (Alfa  Aesar  13451)  to  deionized  water  to  form  a 
saturated  solution  in  the  bottom  of  a  bell  jar.  Relative  humidity  chambers  at  75%  and  90  %  were 


Table  14 

AIB2  Surface  Treatments 


Treatment 

Code 

Approach 

Silane 

S 

n-octadecyltrimethoxysilanea 

Fluorosilane 

FS 

Tridecafluoro- 1 , 1 ,2,2-tetrahydrooctyl  triethoxysilaneb 

Amine 

A 

Octadecylamine0 

Silane  (Shin-Etsu) 

SE 

3,3,3  Trifluoropropyl  trimethoxysilaned 

Tin  Coating 

Sn 

Electroless  Sn  solution6 

HC1  Wash 

HC1 

HC1  washed,  water/acetone  rinsed,  and  dried  at  1 10°C 

a.  Gelest  SI06645. 

b.  Gelest  SI  TB  175.0 

c.  Aldrich  305391. 

d.  Shin  EtsuKBM-7 103 

e.  Liquid  Tin  (MG  Chemicals  No.  421). 
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prepared  using  NaCl  (Sigma  Adrich  S9886)  and  KNO3  (Spectrum  PI 345),  respectively.  The  bell 
jars  were  equilibrated  at  temperature  inside  convection  ovens  (Yamato  DKN  400).  Powders 
were  weighed  (Shimadzu  AUW  2200)  before  starting  the  tests  and  at  periodic  intervals  during 
the  test.  X-ray  diffraction  (Phillips  X’Pert)  and  scanning  electron  microscopy  (Joel  5900  LV) 
were  used  to  characterize  powders. 

Tests  at  100  %  relative  humidity  were  made  inside  a  constant  temperature  water  bath 
(Poly  science  model  2L)  by  placing  -one  gram  of  powder  in  a  test  tube  filled  with  15  cc  of 
deionized  water  and  heating  at  80°C  for  135  hours.  The  powders  were  dried  for  24  hours, 
crushed,  and  x-rayed. 

Results  and  Discussion 

Figures  37  and  38  show  results  from  the  first  set  of  tests  which  did  not  include  B,  Al,  or 
Al-B  mixtures.  These  tests,  conducted  over  a  month  time  period  show  that  octadecylamine  and 
silane  (n-octadecyltrimethoxysilanea)  coatings  provide  significant  protection  compared  to  the 
uncoated  control  powder,  even  at  high  humidity  levels.  It  is  very  clear,  however,  that  storage  of 
powders  in  low-temperature,  low-humidity  environments  will  allow  A1B2  to  avoid  oxidation. 

Two  of  the  treatments  (HC1  wash  and  Sn  coating)  were  much  worse  than  the  control. 
While  XRD  showed  Sn  present  after  the  electroless  deposition  (see  Figure  39),  SEM  images 
showed  that  the  Sn  did  not  coat  the  particles  evenly,  but  was  poorly  distributed  and  agglomerated 
(see  Figure  40).  These  results  do  not  preclude  that  a  well-deposited  (uniform  and  dense) 
electroless  coating  could  provide  protection.  The  rapid  oxidation  of  the  HC1  washed  powder  was 
surprising  and  may  be  the  result  of  chlorine  remaining  after  the  treatment,  as  evidenced  by  EDS. 
In  any  regard,  removal  of  Al  by  an  HC1  wash  is  tedious  and  results  in  poor  yields.  Further 
testing  therefore  concentrated  on  the  silane  or  amine-coated  materials. 

Based  on  Figure  37(e)  it  appeared  that  the  n-octadecyltrimethoxysilane  (S),  due  to  its  low 
moisture  pick-up,  or  the  octadecylamine  (A),  due  to  its  low  slope  after  initial  exposure  to 
moisture,  were  the  most  promising  coatings.  SEM  evaluation  could  not  detect  the  coatings,  in 
accord  with  expectation  that  the  coatings  were  very  thin.  It  should  be  noted  that  an  XRD  of  the 
control  sample  after  exposure  to  90%  relative  humidity  for  4  weeks  at  40°C  showed  that  the 
material  was  unchanged  (see  Figure  41).  This  suggests  that  simply  storing  the  powder  in  closed, 
well-packaged  containers  will  result  in  adequate  lifetimes  for  A1B2  powder. 

Accelerated  tests  for  the  top  candidate  materials  in  comparison  to  B,  Al,  and  Al-B 
mixtures  are  shown  in  Figure  43.  All  powders  were  dried  at  1 10°C  for  24  hours  prior  to  taking 
initial  weights.  The  weight  gain  for  Al  is  consistent  with  Al(OH)3  formation,  which  was 
confirmed  by  x-ray  diffraction.  The  A1B2  powder  is  much  more  resistant  to  degradation  than 
fine  Al  powder,  in  accord  with  expectation.  At  60°C  and  75  %  relative  humidity,  the  silane  (S) 
coating  provided  the  best  protection  with  the  amine  (A)  coating  a  distant  second  (see  Figure 
42(a)).  The  boron  lost  weight,  presumably  due  to  the  formation  of  boric  acid,  which  is  soluble  in 
water  and  has  a  high  vapor  pressure[l  15],  What  was  surprising,  however,  was  the  excellent 
performance  of  the  intimately  mixed  A1+2B  powder,  which  did  not  follow  Vegard’s  law  (rule  of 
mixtures)  with  regard  to  Al  oxidation.  It  is  suspected  that  the  milling  step  provided  additional 
passivation  of  Al ,  indicating  that  Al/B  mixtures  are  candidates  for  energetic  applications  and 
should  continue  to  be  compared  to  their  boride  counterparts. 

Increased  temperature  accelerated  the  aluminum  hydration  and  caused  all  coatings  to 
show  weight  gain  (see  Figure  42(b)).  It  is  very  apparent  that  none  of  these  coatings  are 
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(b) 


Figure  37.  Weight  change  of  AIB2  samples  in  either  10  or  75  %  relative  humidity  (RH)  at  room 
temperature  (RT)  compared  to  the  same  samples  in  either  75%  or  90%  RH  at  40°C.  The  open 
symbols  at  738  hours  represent  the  sample  weight  after  heating  to  1 10°C  overnight  to  dry  the 
powders,  (a)  10  %  RH  at  RT,  (b)  75  %  RH  at  RT.  All  of  the  A1B2  powders,  with  the  exception 
of  the  acid-washed  and  Sn  coated  samples,  show  little  change  in  mass  at  room  temperature. 
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75%  Relative  Humidity,  40°C 


(c) 


90%  Relative  Humidity,  40°C 


Time  (hr) 

(d) 

Figure  37  (continued).  Moisture  sensitivity  at  40°C.  (c)  75  %  RH  and  (d)  90  %  RH.  It  is 
apparent  that  weight  change  is  dependent  on  both  temperature  and  relative  humidity. 
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Figure  37  (continued).  Comparison  of  control  with  silane-coated  or  amine-coated  powders  under 
the  most  aggressive  condition  (90  %  RH/40°C)  of  first  set  of  tests.  Octadecylamine  (A)  is 
attractive  because  it  shows  little  change  as  a  function  of  time.  The  n-octadecyltrimethoxysilane 
(S)  sample  is  of  interest  due  to  its  low  weight  gain. 


impervious  to  moisture  absorption,  which  is  clearly  activated  by  temperature.  Short-term 
exposure  to  boiling  water  caused  no  problem  for  the  aluminum  boride  powder,  but  longer  term 
(135  hours)  exposure  to  100  %  relative  humidity  (samples  encapsulated  in  water)  at  80°C  caused 
severe  degradation  for  all  materials.  The  A1  powder  turned  white  due  to  hydroxide  formation 
and  gained  162  %  of  its  initial  mass.  The  control  powder  agglomerated  (see  Figure  43),  turned 
gray,  was  primarily  amorphous  (see  gray  scan  in  Figure  44),  and  gained  130%  of  its  initial  mass. 
The  silane  (S)  coated  powder  also  turned  gray,  did  not  coarsen  (see  Figure  45),  still  showed  some 
crystallinity  (see  Figure  46),  but  gained  109%  of  its  initial  mass.  Thus  it  is  apparent  that  high 
humidity  combined  with  high  temperature  is  detrimental  to  silane-coated  powders.  The 
fluorosilane  fared  slightly  better,  gaining  73%  of  its  initial  mass. 

One  of  the  main  advantages  of  forming  the  borides  is  seen  by  examining  the  A1+2B 
powder,  which  looked  identical  in  color  after  the  same  exposure  treatment.  However,  SEM 
&EDS  (Figure  47),  and  XRD  (Figure  48)  clearly  show  how  the  A1  hydrolyzed  to  Al(OH)3,  which 
is  not  apparent  in  the  AIB2  samples.  The  weight  gain  for  this  material  was  79  %,  but  clearly  was 
aided  by  some  dissolution  of  boron  as  boric  acid. 
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Control  (C) 


1.0% 

-•-9%  20c 
-♦-75%  20C 


(a) 

Silane  (S) 


(b) 


Figure  38.  Comparison  of  powders  under  different  conditions  of  relative  humidity  and 
temperature.  These  are  the  same  data  as  shown  in  Figure  37.  (a)  AIB2  control  (C)  showing 
insensitivity  to  temperature  at  75  %  RH,  (b)  silane  (n-octadecyltrimethoxysilane)  powder  (S) 
suggesting  that  there  was  still  moisture  trapped  within  the  agglomerated  powder. 
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Figure  38  (continued),  (c)  Tridecafluoro-l,l,2,2-tetrahydrooctyl  triethoxysilane  (FS),  (d) 
octadecylamine  (A). 
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(f) 

Figure  38  (continued),  (e)  3,3,3  trifluoropropyl  trimethoxysilane  (FS),  (f)  acid-wash  sample 
(HC1).  This  sample  gained  the  most  weight  of  any  sample  under  all  conditions.  Though  XRD 
showed  the  presence  of  some  cellulose  from  the  filter  paper  used,  the  weight  upon  drying 
suggests  that  the  weight  gain  was  due  to  more  than  H20  absorption  by  cellulose. 
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(g) 

Figure  38  (continued),  (g)  Electroless  Sn-coated  powder. 


Counts 


Figure  39.  X-ray  diffraction  patterns  of  samples  prior  to  moisture  study  showing  no  change 
between  control  and  silane  or  amine-coated  powders.  HC1  washed  shows  absence  of  A1  with 
evidence  of  cellulose  contamination  from  filter  paper.  Electroless  Sn  clearly  shows  tin  peaks. 
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(a) 


(b) 

Figure  40.  SEM  backscattered  images  of  (a)  control  on  left  and  electroless  Sn-coated  powder  on 
right,  and  (b)  EDS  spectra  showing  that  bright  phase  is  tin  coating,  which  is  poorly  distributed  on 
the  surfaces  of  the  AIB2  powder. 


Position  |*2Theta| 

Figure  41.  XRD  patterns  of  control  powder  before  (red)  and  after  (blue)  exposure  to  90%  RH  for 
669  hours  at  40°C.  Note  that  phases  in  AIB2  powder  have  not  changed  due  to  moisture  exposure. 
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Figure  42.  Weight  change  of  the  top  performing  coatings  (S,  A,  FS,  SE)  and  the  starting 
powders  for  A1B2  (Al,  B,  A1  +  2B)  versus  the  control  (C).  (a)  60°C  and  75  %  RH.  The  chamber 
had  a  leak  during  the  first  142  hours  and  eventually  dried  out,  but  was  refilled  for  all 
measurements  afterward.  Al  (orange)  reached  66%  mass  gain,  over  two  orders  of  magnitude 
more  than  any  other,  (b)  75%  RH  and  80°C.  Al  reached  71%  weight  gain.  Boron  (B)  is  believed 
to  lose  weight  due  to  the  formation  of  volatile  boric  acid,  which  is  dissolved  in  the  salt  solution. 
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Before  exposure 
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Figure  43.  SEM  backscattered  images  (top)  and  EDS  spectra  (bottom)  of  control  powder  before 
and  after  exposure  to  water  at  80°C  for  135  hours.  Oxidation  is  easily  evident  due  to  enhanced 
oxygen  peak  in  EDS  spectra. 


\  t-HUT*,";- 


Figure  44.  X-ray  diffraction  scans  of  control  powder  (red)  exposed  to  water  at  room  temperature 
(blue),  boiled  in  water  for  15  minutes  (green),  and  heated  at  80°C  in  water  for  135  hours.  Only 
long-term  exposure  to  water  changed  the  XRD  pattern. 
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Silane  {S) 


Before 


S0°C  water  for  135  hrs 


Before  exposure 


After  135  hours  in  80°C  water 


Figure  45.  SEM  backscattered  images  (top)  and 


!E)S  spectra  (bottom)  of  silane-coated  (S) 


powder  before  and  after  exposure  to  water  at  80°C  for  135  hours.  Compare  with  Figure  43. 
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Figure  46.  X-ray  diffraction  patterns  of  silane-coated  (S)  powder  (red)  and  same  powder 
exposed  to  water  at  80°C  for  135  hours  (blue)  showing  peak  broadening  and  lower  intensities. 
Compare  to  Figure  44. 
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Figure  47.  SEM  and  EDS  of  A1  +  2B  after  exposure  to  water  at  80°C  for  135  hours.  Plate¬ 
shaped  Al(OH)3  is  evident  throughout  the  microstructure. 


Figure  48.  XRD  pattern  of  A1+2B  after  exposure  to  water  at  80°C  for  135  hours.  Aluminum 
hydroxide  (Bayerite  and  Nordstradite)  is  prevalent  in  the  material  as  the  A1  was  attacked.  The 
boron  does  not  show  up  due  to  its  low  atomic  number,  but  it  is  still  present. 
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Figure  49.  XRD  patterns  of  powders  heated  at  80°C  for  135  hours  in  water.  The  red  pattern  is 
the  control,  while  the  blue  is  silane  (S)  and  the  green  is  the  amine  (A).  There  is  not  a  dramatic 
difference  in  XRD  patterns,  although  the  intensity  scales  inversely  with  the  degree  of  oxidation, 


The  amine  and  Shin-Etsu  fluorosilane  both  gained  1 12  %.  When  compared  to  the  control 
powder,  the  silane  (S)  and  amine  (A)  powders  show  only  slightly  stronger  A1B2  peaks  (see 
Figure  49).  None  of  the  coatings  protected  the  A1B2  powder  under  these  aggressive  conditions. 

An  interesting  question  is  whether  the  powders  would  have  been  protected  better  by  a 
polymeric  coating,  which  is  what  happens  when  the  powders  are  mixed  in  energetic 
formulations.  A  polymeric,  hydrophobic  polymer  will  likely  give  much  better  protection  than 
any  of  the  coatings  investigated.  It  is  likely  that  one  is  only  concerned  with  storage  prior  to 
mixing  into  energetic  formulations.  It  is  very  easy  to  control  storage  conditions,  by  sealing  in 
vacuum-packed  bags  under  an  Ar  cover  gas,  such  that  these  powders  can  be  stored  for  years. 

Conclusions 

•  Fine  A1  is  susceptible  to  oxidation,  forming  Al(OH)3  in  moist  environments.  Boron  is 
only  affected  by  the  formation  of  boric  acid,  which  is  water  soluble.  When  intimately 
mixed  A1  and  B  powders  were  made,  they  showed  good  stability  at  60°C  in  75%  relative 
humidity. 

•  The  formation  of  A1B2  gives  improved  stability  over  A1+2B  mixtures,  as  expected.  It  is 
very  likely  that  there  is  no  issue  with  storing  A1B2  powders  for  long  periods  of  time  if 
stored  under  low-humidity  condition.  Once  energetic  formulations  are  prepared,  it  is 
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believed  that  the  binder  will  protect  them  from  exposure  to  moisture  making  short-term 
storage  of  these  mixes  possible. 

•  An  n-octadecyltrimethoxysilane  provided  excellent  protection  at  temperatures  up  to  60°C 
under  high  humidity  conditions.  It  was  slightly  better  than  the  fluorosilanes  and  amine 
investigated.  Even  at  higher  temperatures,  under  moderate  humidity  conditions,  the 
silane  provided  significant  protection.  The  weight  gain,  for  example,  at  80°C  and  75  % 
relative  humidity  for  a  silane-coated  powder  was  about  one-third  that  of  the  control 
powder. 

•  None  of  the  powder  was  able  to  withstand  exposure  to  water  for  an  extended  period  of 
time  (135  hours)  at  80°C  even  though  short  (15  minute)  exposure  to  boiling  water  did  not 
cause  significant  problems.  The  way  the  silane  coatings  were  prepared,  although 
hydrophobic,  still  allowed  degradation  of  the  powders  when  stored  in  hot  water. 

•  Studies  using  thin  hydrophobic  polymeric  coatings  should  be  conducted. 

VII.  Characterization  of  Three  Kilogram  Sample  Delivered  to  ARDEC 

Background 

AIB2  was  picked  as  the  material  to  supply  a  three  kilogram  sample  due  to  its  performance 
based  on  combustion  calorimetry  testing  at  Nammo  (Mesa,  AZ).  The  A1B2  indicated  complete 
combustion  in  detonation  calorimetry  while  the  A1  +  2B  had  a  heat  output  that  suggested  that 
only  68  %  efficiency  was  achieved.  The  difference  in  heat  output,  between  the  two  samples  was 
significant,  as  evidenced  by  an  increase  of  609  J/g  when  the  diboride  mixture  was  tested 
compared  to  the  intimately  mixed  elements. 

AIB2  has  been  synthesized  from  a  direct  reaction  of  the  elements[l  19-121],  mechanical 
alloying[122],  peritectic  decomposition[123,124],  single  crystal  growth  from  the  melt[125], 
reacting  A1  with  borax  or  boron  oxide[126],  reacting  KBF4  with  Al[84],  and  filtration  of  A1B2 
from  molten  metals[127].  The  low  peritectic  decomposition  temperature,  which  is  generally 
considered  to  be  between  950  and  975°C,  and  slow  kinetics  for  formation  of  A1B2  from  A1  and 
AIB12,  make  it  difficult  to  get  phase-pure  A1B2.  Phase-pure  A1B2,  based  on  XRD,  has  been 
achieved  by  removal  of  secondary  phases  after  synthesis[128], 

Ceramatec  previously  supplied  powders  to  ARDEC  (see  Figures  50  and  51)  which  were 
made  by  the  direct  reaction  of  A1  and  B.  The  surface  area  of  the  powders  ranged  between  1.6 
and  2  m2/g.  Surface  area  can  be  used  to  estimate  the  mean  particle  size  assuming  that  all  of  the 
particles  are  monosized  spheres,  as  given  in  Equation  (2).  Using  this  approach  the  ultimate 
particle  size  was  in  the  one  micrometer  range,  suggesting  that  the  particles  are  agglomerated,  a 
fact  supported  by  microscopy.  The  500  g  sample  supplied  to  ARDEC  was  tested  using 
combustion  calorimetry  and  did  very  well  in  comparison  to  a  mixture  of  the  A1  and  B,  prepared 
from  the  same  starting  powders,  as  discussed  above. 

Experimental  Procedures 

A1B2  powder  was  synthesized  from  a  stoichiometric  ratio  of  the  elements.  This  material 
was  given  the  Ceramatec  code  MW1-172I,  which  can  be  taken  as  the  lot  number.  While  the 
powder  was  scaled  up,  processing  changes  were  also  made.  The  powder  processing  details  are 
proprietary  to  Ceramatec.  Three  kilograms  of  material  were  shipped  to  ARDEC  on  1 1-29-11. 
The  reaction  of  aluminum  and  boron  does  not  proceed  completely,  leaving  some  unreacted 
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starting  material.  A  commercially  (H.  C.  Starck  through  ABCR)  supplied  AIB2  powder,  was 
used  for  comparison  to  the  material  we  synthesized.  A  smaller  sample  (100  grams)  of  this 
material  was  also  shipped  on  the  same  date. 

Results  and  Discussion 

The  XRD  patterns  for  the  3  kg  sample  and  the  Stark  material  are  shown  in  Figure  3. 

Table  15  compares  the  Rietveld  analysis  for  the  two  materials  delivered  previously  (lots  MW1- 
104K  and  MW1-1 131)  to  the  new  lot  of  powder  and  the  Starck  control.  The  control  powder 
claimed  to  have  a  composition  of  over  95%  AIB2  by  chemical  analysis.  Starck  measured  an  O 
content  of  1.9  %.  It  is  clear  that  their  analysis  did  not  account  for  all  phases  present.  The 
discrepancy  also  suggests  that  the  Rietveld  fitting  of  XRD  scans  overestimates  the  oxygen 
content  (via  AI2O3)  of  the  powder.  Despite  these  issues,  the  Starck  AIB2  powder  is  still  a  very 
good  material  and  likely  acceptable  as  an  energetic  material. 

One  reason  for  the  higher  AI2O3  content  in  the  3  kg  Ceramatec  sample  is  the  finer  particle 
size  of  the  AIB2  (see  Table  16  and  Figure  53).  It  is  likely  to  have  more  energetic  capacity  than 
the  two  previously  supplied  materials  due  to  its  finer  particle  size.  SEM  images  of  the  powder 
compared  to  the  Starck  material  are  shown  in  Figure  54.  Due  to  the  finer  particle  size,  the 
Milestone  #9  sample  begins  to  oxidize  earlier  in  air,  but  reaches  the  same  extent  of  reaction  as 
the  Starck  material  (see  Figure  55). 


Counts 


Figure  50.  X-ray  diffraction  patterns  comparing  500  g  MW1-13 II  (red)  compared  to  50  g  MW1- 
104K  (blue)  showing  similar  phases  in  both  powders. 
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Figure  51.  Particle  size  distributions  (measured  in  isopropanol)  of  previously  supplied  -230  mesh 
A1B2.  (a)  50  g  (MW1-104K)  and  (b)  500  g  (MW1-1 131). 
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Table  15 

Rietveld  Analysis  of  Powders  Synthesized  at  Ceramatec  Compared  to  Starck  AIB2 


Code 

A1B2  -230  (MW1-104K  (50  g)) 
A1B2  -230  (MW1-1 131  (500  g)) 
A1B2  -230  (MW1-172I  (3  kg)) 
Starck  A1B?  Hot  31 102/061 


Rietveld  Analysis*  (Weight  %) 

AIB2  A1  B  AI2O3 

76.0  [64.8]  19.1  [16.3]  [14.7]  3.8  [3.2] 

68.7  [57.7]  26.1  [21.9]  [16.1]  3.9  [3.3] 

83.8  [75.4]  11.7  [10.5]  [10.0]  3.1  [2.8] 

88.5  T82.41  6.2  T7.51  T6.91  3.4  T3.21 


*  Rietveld  analysis  adjusted  for  free  boron  in  parentheses. 


AI3BC 

1.1  [0.9] 

1.2  [1.0] 
1.3  [1.2] 
1-4  [1-3] 


All  of  the  powders  have  the  same  phases  present,  but  the  amounts  differ  as  shown  in 
Table  15.  At  present,  due  to  the  paucity  of  test  data,  it  is  unclear  if  these  four  powders  would 
differ  in  performance  in  an  energetic  application. 

The  low  peritectic  temperature  makes  it  problematic  to  make  a  phase  pure  material, 
without  post-processing  purification.  The  3  kg  sample  received  no  such  treatment  and  it  is 
hypothesized  that  this  is  also  true  of  the  Starck  material. 

As  to  the  question  as  what  is  the  cost  to  produce  5  kg.  ABCR  sells  small  quantities  of 
A1B2  made  by  Starck.  The  cost  for  one  and  five  kg  quantities  of  Starck  powder  was  $1,540  and 
$6,075,  respectively,  when  quoted  in  August  of  this  year.  A  recent  quote  for  their  remaining 
supply  (14  kg)  was  $14,840  (or  $  1,060/kg).  Since  ABCR  adds  a  fee,  it  is  expected  that  the  price 
for  5  kg  of  AIB2  would  be  considerably  less  expensive  than  $  1,060/kg  if  produced  in  large 
quantities.  Robert  Jensen  of  Starck  was  contacted  in  order  to  get  pricing  information  on  the 
Starck  powder,  since  it  was  suspected  that  this  would  be  the  best  way  to  judge  costs  as  volumes 
increase.  He  says  that  Starck  no  longer  makes  this  material,  but  would  be  willing  to  do  so  if  the 
volumes  were  attractive.  The  pricing  for  the  AIB2,  at  least  initially,  would  be  ~$ 5 00/kg  for  100 
kg.  There  is  a  significant  cost  to  start  this  production,  which  has  to  be  taken  into  account  when 
pricing  small  quantities  of  this  material. 

Starck  said  that  they  are  running  into  the  small  volume  vs.  market  volume  argument.  If  the 
quantities  stay  small,  and  Starck  continues  to  use  small  scale  equipment,  the  costs  will  stay  in  the 

Table  16 

Surface  Area  and  Particle  Size  Comparison 


Surface  Area  Particle  Size  (pm)  Calculated 


Code 

(m2/e) 

dio 

d50 

dc>o 

Mean 

Average  (pm) 

A1B2  -230  (MW1-104K  (50  g)) 

1.64 

0.5 

8.4 

28.8 

11.9 

1.2 

A1B2  -230  (MW1-1 131  (500  g)) 

1.96 

0.5 

5.7 

18.6 

8.9 

1.0 

A1B2  -230  (MW1-172I  (3  kg)) 

3.81 

0.3 

3.4 

9.1 

4.1 

0.5 

Starck  A1B?  (lot  31102/06) 

2.07 

0.6 

6.7 

23.2 

10.0 

0.6 
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(a) 


Counts 


(b) 

Figure  52.  XRD  patterns  for  (a)  MW1-172I  and  (b)  Starck  powder.  Both  powders  contain 
similar  phases  to  those  produced  previously  (compare  to  Figure  50). 
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Figure  53.  Particle  size  distributions  (measured  in  isopropanol)  of  AIB2  powders,  (a)  MW1-172I 
and  (b)  Starck  powder.  Compare  to  Figure  5 1 . 
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40 


Time  (hr) 

(b) 

Figure  54.  TGA  (a)  and  DTA  (b)  of  Starck  and  MW1-172I  powders. 
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Figure  55.  SEM  images  of  (a)  MW1-172I  and  (b)  Starck  A1B2,  secondary  on  left  and 
backscattered  on  right. 
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same  range.  However  if  there  is  truly  a  market  for  this  material,  and  demand  can  go  up  to  larger 
quantities  (i.e.  tons/year),  Starck  said  that  they  can  use  more  efficient  production  techniques  and 
decrease  pricing  (estimated  to  possibly  go  down  towards  $200/kg).  Starck  was  clear  that  the 
costs  can  be  improved  if  there  is  a  large  enough  application/market  for  the  A1B2.  It  is  clear  that 
A1B2  is  an  expensive  material  at  the  present  time. 

Conclusions 

•  Three  kilograms  of  A1B2  powder,  made  by  reacting  high-purity  B  with  fine  A1  using 
proprietary  conditions  at  Ceramatec,  were  supplied  to  ARDEC  to  complete  Milestone  #9. 
The  powder  has  a  surface  area  of  3.8  m2/g,  a  dso  of  3.4  pm,  and  an  overall  A1B2  content 
of  83.8  wt.  %  as  judged  by  Rietveld  analysis  while  compensating  for  free  boron  which  is 
not  identified  by  XRD. 

•  A  commercial  source  of  A1B2  was  found  through  H.  C.  Starck,  a  well-known  German 
supplier.  This  powder,  which  is  sold  at  $1,2 15/kg  (in  5  kg  quantities)  through  a 
distributor  (ABCR),  was  compared  to  the  powder  produced  at  Ceramatec.  The  Starck 
powder  has  a  surface  area  of  2.1  m2/g,  a  d5o  of  6.7  pm,  and  an  overall  A1B2  content  of 
88.5  wt.  %  based  on  Rietveld  analysis.  One  hundred  grams  of  this  powder  was  supplied 
to  ARDEC  for  comparative  testing.  The  Starck  powder  is  of  high  quality  and  is  useful  as 
a  source  of  A1B2  for  further  testing  by  the  Army.  Fourteen  kilograms  of  this  material  is 
currently  available  at  a  cost  of  $  1,060/kg. 

•  The  question  as  to  the  cost  of  5  kg  of  A1B2,  when  produced  in  large  quantities,  was 
addressed  by  contacting  H.  C.  Starck.  The  cost  for  100  kg  of  A1B2  would  be  ~$500/kg 
but  pricing  could  drop  to  $200/kg  at  the  tonnage  level. 

VIII.  Conclusions 

1 .  A  literature  survey  identified  a  wide  variety  of  materials  with  high  specific  heats  of 
combustion.  MgB2,  Mgo.5Alo.5B2,  and  A1B2  are  all  attractive  due  to  their  small  endotherms  due 
to  decomposition  in  comparison  to  their  large  exotherms  due  to  oxidation.  These  hexagonal 
borides  have  weak  bonding  between  planes  in  contrast  to  the  strong  covalent  bonding  in  all  three 
dimensions  typical  of  most  borides,  including  A1B2  and  MgAlBi4. 

2.  A  large  number  of  samples  were  supplied  to  ARDEC.  Only  three  have  been  tested  to  date, 
which  include  MgAlBi4,  A1B2,  and  A1+2B.  Based  on  combustion  calorimetry  of  mixes  prepared 
by  ARDEC,  the  A1B2  appears  to  be  the  best  candidate  of  these  three  materials.  Further  testing  is 
needed  to  guide  the  development  of  lightweight  fuels. 

3.  Static  oxidation  in  flowing  air  to  1500°C  showed  that  fine  boron  readily  reacts  at  ~500°C,  but 
A1  and  A1B2  are  more  insensitive  to  oxidation.  Both  A1  and  A1B2  oxidize  to  greater  than  95%  of 
their  theoretical  values,  as  compared  to  only  70%  for  B.  Reacting  A1B2,  as  compared  to  A1+2B, 
results  in  greater  insensitivity  but  more  complete  oxidation  in  air.  More  testing  at  ARDEC  is 
needed  to  determine  if  the  static  oxidation  tests  have  any  merit  in  predicting  sensitivity  or  extent 
of  reaction  in  explosive  mixes. 
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4.  The  moisture  resistance  of  AIB2  can  be  improved  by  coating  with  n-octadecyl 
trimethoxysilane,  which  provided  excellent  protection  at  temperatures  up  to  60°C  under  high 
humidity  conditions.  It  was  slightly  better  than  the  fluorosilanes  and  amine  investigated.  Even 
at  higher  temperatures,  under  moderate  humidity  conditions,  the  silane  provided  significant 
protection.  The  weight  gain,  for  example,  at  80°C  and  75  %  relative  humidity  for  a  silane-coated 
powder  was  about  one-third  that  of  the  control  powder.  Coating  boride  powders  with 
hydrophobic  binders  is  worthy  of  investigation. 

5.  All  of  the  objectives  of  this  program  were  met,  including  providing  ARDEC  with  over  20 
different  powders  for  screening,  two  powders  (A1B2  and  A1+2B)  in  500  gram  quantities,  and 
scale  up  to  a  3  kg  quantity  of  AIB2.  AIB2  is  not  made  commercially  in  large  quantities  and  is 
therefore  at  least  ten  times  more  expensive  than  Al.  Because  B4C  is  made  in  large  quantities,  it 
is  equivalent  in  price  to  Al.  Further  work  should  focus  on  making  energetic  fuels  by  using  B4C 
and  Al  mixtures,  or  by  reacting  these  inexpensive  materials  to  make  compounds  such  as  AI3BC. 
While  niche  markets  certainly  will  exist  for  materials  like  AIB2,  lightweight  fuels  will  only  find 
widespread  use  if  they  are  cost  competitive  with  existing  Al  and  Mg  fuels. 
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Appendix  A 

Particle  Size  Distributions  Measured  in  Isopropanol 
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Figure  A2.  Valimet  H3  Al. 
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Figure  A3. 

Atlantic  Equipment  Engineer’s  Mg. 
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Figure  A4.  Valimet  MgAl. 
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Figure  A5. 

A1  +  2B  (MW  1-90 A). 
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Figure  A6. 

-230 

mesh  A1B2  (MW1-104K). 
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Figure  A7.  -325  mesh  A1B2  (MW1-104K). 
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Figure  A8.  Mg  +  2B  (RC15-148C). 
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Figure  A9. 
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mesh  MgB2  (MW1-116A). 
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Figure  A10.  -325  mesh  MgB2  (MW1-1 16A). 
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Figure  All.  0.5MgAl  +  2B  (MW1-61A). 
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Figure  A12.  -230  mesh  Mgo.5Alo.5B2  (MW1-1 14A). 
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Figure  A13. 
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mesh  Mgo.5Alo.5B2  (MW1-1 14A). 
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Figure  A14.  Mg 

+  A1  + 

14B  (BI1-12D). 
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Figure  A15.  -230  mesh  MgAlBi4  (MW1-95B). 
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Figure  A16.  -325  mesh  MgAlB^ 

(MW1-95B). 
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Appendix  B 

Particle  Size  Distributions  for  Alternative  Borides  (Measured  in  Isopropanol) 
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Figure  Bl. 

B4C  powder. 
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Figure  B2.  Si  powder. 
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Figure  B3. 

A1  + 

12B  (MW1-91A). 
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Figure  B4.  -230  mesh  A1Bi2  (MW1-91C). 
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Figure  B5. 

-325 

mesh  AIB12  (MW1-91C). 
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Figure  B6.  B4C  + 

2A1  (MW1-117B). 
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Figure  B8. 

Si  +  6B  (MW1-118A). 
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Figure  B9. 
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mesh  SiB6  (MW1-118B). 
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ABSTRACT 

Metal  borides  (AIB2,  MgB2,  Mgo.5Alo.5B2,  AIB12,  SiB6  and  MgAlBi4)  and  boron  carbide 
(B4C)  reacted  with  A1  were  compared  to  B,  Mg,  Al,  Mg-Al  and  Si  as  potential  energetic  fuel 
additives.  Stoichiometric  physical  mixtures  of  powders  corresponding  to  unreacted  boride 
compounds  (A1+2B,  Mg+2B,  Mg-Al+2B,  A1+12B,  Si+6B,  Mg-Al+14B,  and  B4C+2A1)  were 
also  investigated  in  comparison  to  the  compounds.  Submicron  boron  was  used,  which  resulted  in 
very  fine  particle  sizes  for  all  materials  studied.  It  was  demonstrated  that  boride  compounds 
were  less  sensitive  to  low-temperature  oxidation  in  flowing  air  than  physical  mixtures  or  metallic 
fuels.  Compounds  with  high  mole  fractions  of  boron  were  generally  less  sensitive,  but  their  high 
temperature  oxidation  behavior  showed  no  improvement  over  boron.  Cylinder  expansion  testing 
of  MgAlBi4  exposed  its  poor  performance  in  an  energetic  mixture.  However,  aluminum  and 
magnesium  diborides  (A1B2,  MgB2  and  Mgo.5Alo.5B2)  also  had  relatively  low  sensitivity  and 
exhibited  mechanisms  to  increase  the  rate  of  boron  oxidation  at  high  temperatures,  showing 
promise  as  insensitive  high-energy-density  fuel  additives.  Detonation  calorimetry  of  mixtures 
with  A1B2  or  A1+2B  suggested  that  the  A1B2  mixture  released  approximately  50%  more  heat  per 
gram  than  Al  +2B  and  underwent  complete  reaction.  These  results  warrant  further  testing  of  the 
diboride  compounds  in  energetic  formulations.  Due  to  the  high  cost  of  boron  and  acceptable 
performance  of  B4C-A1  mixtures,  B4C  should  also  be  investigated  as  a  lower-cost  alternative  to 
boron. 


INTRODUCTION 

Boron  has  long  been  recognized  as  fuel  for  rocket  boosters  and  other  energetic 
applications  where  high  energy  density  is  required.1’2  The  heat  of  combustion  for  the  oxidation 
of  boron  to  boron  oxide  is  highly  exothermic  on  both  a  volumetric  and  gravimetric  basis.  The 
main  problems  with  using  boron  have  been  obtaining  complete  combustion  due  to  slow 
oxidation  kinetics1  and  the  high  cost  of  the  material.  Metals  like  Al,  Mg  and  Mg-Al  have 
typically  been  used  despite  lower  enthalpies  of  combustion  and  higher  sensitivity  to  accidental 
discharge  due  to  more  favorable  oxidation  kinetics. 

Mitani  and  Izumikawa3  showed  that  the  addition  of  micron  sized  Al  to  B  increases  its 
combustion  efficiency  in  simple  strand  burner  studies.  Flower  et  al.4  demonstrated  a  similar 
improvement  in  performance  by  bomb  calorimetry  for  mechanically  alloyed  boron  and  Al 
powders.  Hsia2  measured  ignition  delay  and  burning  time  for  30-75  pm  Al,  Mg  and  Li  borides  in 
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air  using  optical  techniques  and  came  to  the  conclusion  that  the  metal  borides  are  superior  to  B 
for  use  in  rocket  propulsion  systems  due  to  faster  ignition  and  complete  combustion. 

Mixtures  of  metal  powders  and  submicron  boron  have  not  been  previously  tested,  nor 
have  metal  borides  less  than  10  pm.  These  materials  have  not  been  compared  side  by  side  in  any 
experimental  setup.  Problems  associated  with  such  fine  powders  include  higher  sensitivity  and  a 
higher  concentration  of  inert  oxide,  but  if  boron  can  be  made  to  combust  completely  the  increase 
in  energy  density  may  compensate  for  higher  oxide  content.  Due  to  the  high  cost  of  boron, 
alternative  sources  are  desirable.  Because  B4C  is  used  in  other  industrial  applications,  it  has  the 
potential  to  be  a  less  expensive  source  of  boron.  Recent  studies  by  Sabatini  et  al.5  showed  that 
B4C  can  work  well  in  pyrolants.  The  objective  of  this  work  was  to  compare  a  variety  of  borides 
with  similarly  sized  boron-metal  mixtures  for  comparison  in  energetic  mixtures. 

EXPERIMENTAL  PROCEDURE 

Powder  mixtures  were  made  from  amorphous  B  (H.C.  Starck,  97%  with  2%  O  and  0.8% 
Mg),  spherical  Al  (Yalimet  H3,  99.9%),  spherical  Mg-Al  alloy  (Valimet  Al-Mg  alloy  55%  Al- 
44%  Mg  with  0.4%  Fe),  Mg  flake  (Atlantic  Equipment  Engineers,  95%),  atomized  Si  (Elkem 
Silgrain,  99%)  and  B4C  (UK  Abrasives,  99%).  Reacted  compounds  were  synthesized  at 
Ceramatec  using  proprietary  processing. 

Powder  size  was  characterized  by  BET  surface  area  and  laser  light  scattering  particle  size 
analysis  and  particle  morphology  was  investigated  by  scanning  electron  microscopy  (SEM)  and 
energy  dispersive  spectroscopy  (EDS).  Thermal  gravimetric  analysis  (TGA)  and  differential 
thermal  analysis  (DTA)  were  used  to  characterize  the  response  of  the  powders  (50  mg  samples) 
to  oxidation  in  flowing  air  (~1  50cc/min).  Detonation  calorimetry  was  used  to  compare 
combustion  behavior  of  AIB2  and  A1+2B  mixtures.  Cylinder  expansion  testing  was  conducted 
on  MgAlBi4.6  Impact,  friction  and  shock  sensitivity  testing  was  performed  on  MgB2  and  A1B2 
powders  by  ATK. 


RESULTS  AND  DISCUSSION 

Table  I  gives  surface  area  and  particle  size  for  the  raw  materials,  mixtures,  and  borides. 
The  average  particle  size  was  generally  below  10  pm,  although  the  agglomerated  powders  were 
above  that  size,  as  shown  in  Figure  Cl  for  selected  powders.  The  fine  particle  sizes  contributed 
to  rapid  oxidation  in  air,  with  initiation  between  500  and  950°C  (see  Table  II).  Increased 
initiation  temperature  is  believed  to  be  related  to  the  sensitivity  of  the  powder.  In  general,  the 
powder  mixtures  were  no  less  sensitive  than  the  starting  powders,  but  the  reacted  compounds 
didn’t  begin  to  oxidize  until  much  higher  temperatures. 

TGA  results  for  Al,  B,  A1+2B,  and  A1B2  are  shown  in  Table  II.  The  high  surface  area 
boron  exhibited  faster  initial  oxidation  kinetics  than  Al  or  A1B2.  At  =50%  conversion  the 
oxidation  of  B  was  retarded  by  the  formation  of  B2C>3  and  reached  only  69%  of  its  theoretical 
limit.  This  exemplifies  the  kinetic  limitations  of  B  oxidation  at  high  temperatures.  The  oxidation 
of  Al  followed  the  general  trend  described  in  the  literature7  where  polymorphic  transformations 
in  the  A12C>3  shell  gave  rise  to  the  step-like  weight  gain  behavior.  Despite  the  irregularity  of  the 
process,  Al  reached  100%  of  its  theoretical  limit.  Al  +  2B,  with  an  approximately  even  weight 
distribution  of  Al  and  B,  reached  85%  of  its  theoretical  weight  gain,  as  expected.  Surprisingly, 
A1B2  reached  98%  of  its  theoretical  value  despite  having  a  much  higher  initiation  temperature 
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Table  I.  Powder  Size  and  Surface  Area _ 

Surface  Area  Particle  Size  ((am)  Calculated  Particle 


Material 

(m2/e) 

dio 

dso 

don 

Mean 

Size  fum) 

B 

10.88 

0.1 

0.2 

3.2 

1.2 

0.2 

A1 

1.39 

0.2 

2.9 

7.8 

3.4 

1.6 

Mg 

0.82 

11.8 

38.2 

66.5 

38.6 

3.9 

Mg-Al 

0.40 

2.0 

10.0 

25.9 

12.4 

6.8 

Si 

3.56 

0.2 

2.7 

5.9 

2.7 

0.7 

b4c 

6.92 

0.1 

1.4 

3.8 

1.7 

0.3 

A1  +  2B 

6.23 

0.2 

2.3 

6.5 

2.8 

0.4 

A1  +  12B 

9.11 

0.1 

0.4 

3.2 

1.3 

0.3 

Mg  +  2B 

6.73 

0.3 

8.6 

65.4 

24.0 

0.4 

y2  Mg-Al  +  2B 

5.85 

0.1 

1.6 

5.1 

2.0 

0.4 

Al-Mg  +  14B 

7.75 

0.1 

1.3 

4.4 

1.8 

0.3 

Si  +  6B 

9.10 

0.1 

0.4 

2.6 

0.9 

0.3 

B4C  +  2A1 

4.30 

0.2 

2.0 

5.4 

2.4 

0.6 

a!b2 

1.64 

0.5 

8.4 

28.8 

11.9 

1.2 

aib12 

1.38 

1.3 

6.4 

17.5 

8.6 

1.8 

MgB2 

4.78 

0.7 

9.2 

46.0 

17.4 

0.5 

Mgo.5Alo.5B2 

2.30 

0.9 

7.3 

27.5 

11.4 

0.9 

Mgo.78Alo.75Bl4 

0.55 

4.8 

14.7 

28.2 

16.0 

4.1 

SiB6 

0.71 

3.2 

14.9 

38.4 

20.8 

3.9 

A1B.C  +  A1B? 

2.60 

0.3 

4.3 

17.7 

7.2 

0.9 

*The  calculated  average  particle  size  assumed  monosized  spheres  (d=6/(SA-p)). 


than  its  constituent  powders  (see  Figure  C2).  AIB12  and  MgAlBi4,  with  high  B  contents,  did  not 
oxidize  fully,  although  they  showed  the  same  benefits  of  increased  insensitivity  as  AIB2. 

Oxidation  in  the  Mg-B  system  was  also  promising.  MgB2  reached  nearly  the  same  extent 
of  oxidation  (90%)  as  the  physical  mixture  (91%)  and  had  a  higher  initiation  temperature  by 


Figure  Cl.  SEM  backscattered  images  of  selected  powders.  Markers  are  10  pm. 


102 


Table  II.  Boride  Powder  Oxidation  Characteristics 


Actual  %  Theoretical  %  %  of  Initiation 

Material  Mass  Change  Mass  Change  Theoretical  Temp  (°C1*  T^o  t°C)** 


B 

152 

222 

69 

563 

906 

Al 

89 

89 

100 

583 

998 

Mg 

51 

66 

77 

534 

685 

Mg-Al 

78 

78 

100 

527 

735 

Si 

47 

114 

41 

924 

N/A 

B4C 

100 

152 

65 

522 

825 

Al  +  2B 

141 

149 

84 

577 

961 

Al  +  12B 

147 

199 

71 

543 

968 

Mg  +  2B 

126 

139 

91 

597 

802 

%  Mg-Al+2B 

122 

146 

92 

596 

848 

Al-Mg  +  14B 

141 

186 

66 

573 

1088 

Si  +  6B 

128 

144 

68 

528 

1225 

2A1  +  B4C 

115 

121 

95 

535 

790 

A1B2 

145 

149 

98 

755 

1074 

aib12 

146 

199 

72 

746 

1076 

MgB2 

126 

139 

90 

673 

1107 

Mgo.5Alo.5B2 

126 

146 

87 

753 

1051 

MgAlBi4 

135 

186 

64 

890 

1351 

SiB6 

116 

144 

61 

683 

1464 

AlB^C+AlB'i 

100 

121 

83 

699 

960 

*  Initiation  temperature  is  reported  as  temperature  at  5%  mass  gain. 

**  Temperature  at  which  50%  of  theoretical  oxidation  is  reached 

more  than  80°C.  The  ternary  diboride  Mgo.5Alo.5B2  was  similar  to  MgB2,  reaching  87%  of  its 
theoretical  value,  while  the  mixture  Mg-Al  +  2B  achieved  92%  of  its  theoretical  value. 

The  lowest  extents  of  reaction  were  seen  in  Si,  Si  +  6B  and  SiB6.  Si  oxidizes  to  SiC>2, 
which  is  more  viscous  than  B2O3  and  presents  an  even  greater  barrier  to  diffusion.  When  the  two 
oxides  are  present  concurrently  they  form  borosilicate  glassy  oxides,  which  only  exacerbate  the 


Figure  C2.  TGA  in  flowing  air  of  B,  Al,  a  physical  mixture  (A1+2B),  and  A1B2. 
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diffusional  limitations  caused  by  B2O3.  These  materials  are  obviously  not  promising  candidates 
for  further  testing. 

Reaction  products  in  the  Al-B-0  and  Mg-B-0  systems  offered  alternate  mechanisms  for 
oxidation  that  resulted  in  higher  conversions.  The  main  reaction  products  in  these  systems  are 
2AI2O3  B2O3  (AI4B2O9,  see  XRD  pattern  in  Figure  C3)  and  3Mg0  B203  (Mg3B206),  which 
produce  solid,  needle  like  structures  on  the  surface  of  the  oxidizing  particle.  These  borates  act  to 
remove  liquid  B2O3  from  the  surface,  exposing  unoxidized  material  underneath  and  thereby 
increasing  the  rate  of  diffusion  of  oxidizer  to  the  surface  of  the  fuel  particle.  It  can  be  seen  from 
the  stoichiometry  of  the  borates  that  an  A1:B  or  Mg:B  molar  ratio  of  1:2  in  the  starting  material 
(A1  +  2B,  Mg  +  2B,  Al-Mg  +  2B,  AIB2,  MgB2  or  Mgo.5Alo.5B2)  will  allow  for  the  removal  of 
much  of  the  B2O3  by  AI2O3  or  MgO  through  borate  formation.  Ratios  of  1 :7  and  1 : 12  (in  Mg-Al 
+  14B,  MgAlBi4,  A1  +  12B  and  AIB2)  do  not  provide  significant  decreases  in  B2O3  removal  and 
because  of  the  larger  particle  size  of  these  materials  they  perform  no  better  than  boron. 

When  A1  was  intimately  mixed  with  B4C,  results  similar  to  those  for  A1  +  2B  were  seen. 
A1  greatly  increased  the  extent  of  reaction  for  B4C.  Analysis  of  the  reacted  compound  was  more 
complicated.  A  1:2  ratio  of  A1:B  was  maintained  so  that  this  system  could  be  compared  to  AIB2. 
The  products  of  the  reaction  between  A1  and  B4C  were  AI3BC,  AIB2  and  unreacted  A1  and  B4C, 
which  made  determination  of  an  oxidation  mechanism  more  difficult.  The  reacted  compound 
reached  83%  of  its  theoretical  value.  Based  on  these  results,  and  in  light  of  the  fact  that  B4C  is 
about  25%  of  the  cost  of  boron,  it  is  worthwhile  to  continue  investigations  into  the  use  of  B4C  as 
a  precursor  to  boride  compounds. 

The  similar  extents  of  reaction  for  the  diboride  mixtures  and  compounds  suggests  that 
borate  formation  is  not  transport  limited  in  the  flowing  air  regime.  This  can  be  attributed  to  low 
glass  transition  temperature  of  B2O3,  which  is  present  as  a  liquid  above  450°C.  Subsequent  tests 
have  shown  a  similar  situation  in  pure  oxygen.  However,  in  a  rapid  energetic  event  with  many 
other  components  the  borate  formation  mechanism  may  not  provide  a  significant  advantage  if 
B2O3  is  separated  by  more  than  a  few  nanometers  from  a  metal  oxide,  as  the  time  scale  may  not 
allow  diffusion  and  reaction  of  the  two  oxides  to  occur.  This  gives  boride  compounds  a  distinct 
advantage  over  physical  mixtures. 


Figure  C3.  XRD  pattern  with  SEM  images  inserted  for  AIB2  oxidized  in  air  at  1250°C  for  1  hour 
showing  needle-shaped  AI4B2O9  formation. 
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Detonation  calorimetry  was  conducted  on  energetic  mixtures  containing  either  AIB2  or  A1 
+  2B  to  determine  the  effects  of  boride  compound  formation  on  heat  release  in  an  otherwise 
equivalent  system.  AIB2  released  about  50%  more  heat  than  A1  +  2B  in  the  proprietary  energetic 
mixes  evaluated.  Cylinder  expansion  testing  is  the  next  step  in  assessing  if  the  boride  is  an 
improvement  over  the  metal  boron  mixture.  Earlier  cylinder  expansion  tests  conducted  on 
MgAlBi4  revealed  that  it  did  not  perform  as  well  as  detonation  models  predicted.  It  is  imperative 
that  energetic  testing,  not  ‘static’  oxidation  testing,  guide  the  development  of  new  energetics. 

Shock,  impact  and  frication  sensitivity  data  taken  on  AIB2  and  MgB2  suggest  that  they 
are  less  sensitive  than  the  conventional  metal  additives  and  are  safe  to  handle.  These  borides  are 
ready  to  be  subjected  to  larger-scale  testing. 

CONCLUSIONS 

At  small  particle  sizes  (200  nm)  boron  is  more  sensitive  to  low  temperature  oxidation  in  air 
than  larger  (3-40  pm)  metallic  fuels.  At  high  temperatures,  boron  oxidation  is  retarded  by  the 
formation  of  B2O3,  as  expected,  while  A1  and  Al-Mg  continue  to  oxidize  to  their  theoretical  limit 
by  1500°C. 

The  addition  of  Al,  Mg  and  Al-Mg  to  B  with  high  metakboron  ratios  increases  the  extent  of 
reaction  of  boron  in  flowing  air.  Using  lower  metakboron  ratios  does  not  provide  the  same 
benefit.  Silicon  reduces  the  extent  of  reaction  even  further  below  that  of  boron  due  to  the 
formation  of  viscous  borosilicate  glassy  oxides.  Forming  boride  compounds,  however,  decreases 
sensitivity  to  low  temperature  oxidation  and  increases  the  initiation  temperature  compared  to 
intimate  physical  mixtures  based  on  TGA  testing. 

Detonation  calorimetry  of  AIB2  and  Al  +  2B  indicated  that  AIB2  reacts  completely  in  an 
energetic  mixture  while  Al  +  2B  does  not.  A1B2  had  50%  higher  heat  output  than  Al  +  2B  in 
comparative  testing.  Cylinder  expansion  testing  of  these  materials  are  needed  since  early  testing 
of  MgAlBi4  showed  that  it  is  not  suitable  for  an  energetic  fuel  additive. 

While  diboride  materials  appear  promising,  it  is  doubtful  that  ‘static’  oxidation  in  flowing  air 
is  any  indicator  of  energetic  performance  since  specific  mixtures  change  the  reaction  products. 
Testing  energetic  mixtures  of  a  wide  variety  of  materials,  such  as  those  produced  in  this  study,  is 
therefore  necessary  to  guide  further  development  efforts.  The  addition  of  Al  to  B4C  to  improve 
its  oxidation  characteristics  is  of  specific  interest  due  to  the  lower  cost  of  B4C  compared  to  B. 
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